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Abstract
Triggered by the first reports of working organic optoelectronic devices in the late 1980’s, a
strong interest in organic semiconductor technology has grown over the last two decades. To-
day, different products employing organic semiconductors have already entered the market.
While the first commercially available organic light emitting diode (OLED) displays were only
produced as small devices, e.g. for the use in mobile phones, now large-scale television screens
employing OLEDs are also available. These devices provide very brilliant colors, high contrasts,
and high viewing angles compared to most screens based on inorganic materials. However,
other applications like OLEDs for room illumination or organic solar cells as well as logic cir-
cuits based on organic semiconductors are still niche products or not ready for market en-
try. Nonetheless, new concepts like organic light emitting transistors (OLETs), exhibiting the
unique property of the combination of a switching and a light-emitting device, are still demon-
strated.
Basically all relevant applications based on organic semiconductors rely on thin-film systems
which makes the resulting devices very material efficient. Furthermore, the fact that most or-
ganic materials can be processed at low temperatures or from solutions, makes production
energy efficient, as well. However, there are several important parameters that critically in-
fluence thin film formation and thereby material properties and finally device performance.
For vacuum deposited thin films, substrate temperature during deposition, deposition rate as
well as substrate surface energetics and post-processing steps (solvent treatments or thermal
annealing) are probably the most important process parameters.
This thesis deals with the impact of thin film structure on the fundamental physical properties
light emission and charge transport for a class of promising n-type organic semiconductors,
N,N’-dialkyl perylene tetracarboxylic diimides (PTCDI-Cn). In order to investigate the emis-
sion properties, temperature-dependent photoluminescence (PL) spectroscopy experiments
were carried out on structurally very different thin film samples. The thin film structure was
controlled in between amorphous and highly textured polycrystalline by thermal treatments
during or after deposition of the films and by changing the substituent alkyl chain length of
the PTCDI molecules. A model for the emission behavior is proposed that divides the emis-
sion spectra into two different contributions: One emission channel corresponds to the typ-
ical behavior of an H-aggregate whis is expected from the crystal structure of PTCDI-Cn. A
second emission channel corresponding to a defect-assisted emission was furthermore iden-
tified for samples exhibiting low structural order. The ratio of both emission pathways follows
strict trends: With increasing structural order due to thermal annealing, the contribution of the
defect-emission decreases monotonically. Furthermore, it is observed that longer substituent
alkyl chains are more favorable for structural ordering within the thin films. For equal pro-
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cessing temperatures, the amount of defect emission decreases monotonically with increasing
substituent alkyl chain length.
In order to investigate the impact of growth temperature as well as substituent alkyl chain
length, a custom-built measurement setup was employed that allows for the in-situ measure-
ment of transistor current-voltage characteristics during growth of the active material thin
film. From these experiments, several important results can be deduced: If the substituent
alkyl chains of PTCDI molecules are long enough (eight or more methyl groups), the material
grows predominantly in a layer-by-layer fashion which is resembled in a well-defined evolu-
tion of transistor characteristics with film thickness. Adding thermal energy by deposition on
heated substrates further improves the growth behavior and thereby electrical performance.
The best-working devices produced this way exhibit high charge carrier mobilities of approx-
imately 0.4 cm2/Vs. Furthermore, by comparison with theoretical models, the measurement
method employed allows to experimentally determine the relative amount of electrons con-
tributing to charge transport in every individual monolayer of material. Using this technique,
it is experimentally demonstrated that the continuous model for the charge distribution in an
inorganic semiconductor at the interface to a dielectric needs to be replaced by a discrete for-
malism that accounts for the lamellar structure of organic semiconductors.
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Kurzfassung
Deutsche Übersetzung des Originaltitels:
Perylendiimid Dünnschichten: Struktur, Elektronen und Exzitonen
Ausgelöst durch die ersten Berichte über funktionierende organische optoelektronische Bau-
elemente in den späten 1980er Jahren hat sich in den letzten zwei Jahrzehnten ein großes In-
teresse an organischer Halbleitertechnologie entwickelt. Heutzutage sind bereits verschiedene
Produkte kommerziell erhältlich, die auf organischen Halbleitern basieren. Während die ers-
ten Displays auf Basis organischer Leuchtdioden (OLED) nur als kleine Bauelemente produ-
ziert wurden, z.B. für die Anwendung in Mobiltelefonen, sind mittlerweile auch großflächige
OLED-Fernseher erhältlich. Im Vergleich zu Bildschirmen aus anorganischen Materialien be-
sitzen OLED-Displays sehr brilliante Farben, hohe Kontraste und eine hohe Blickwinkelstabili-
tät. Dennoch führen andere Produkte wie OLEDs zur Raumbeleuchtung, organische Solarzel-
len oder Schaltkreise auf Basis organischer Halbleiter noch ein Nischendasein oder haben noch
nicht die Marktreife erlangt. Nichtsdestotrotz werden immer noch neue Konzepte wie organi-
sche lichtemittierende Transistoren (OLETs), die die besondere Eigenschaft haben, gleichzeitig
schaltendes und lichtemittierendes Bauteil zu sein, realisiert.
Praktisch alle relevanten Anwendungen organischer Halbleiter beruhen auf Dünnschichtpro-
zessen, was die resultierenden Bauelemente sehr materialeffizient macht. Weiterhin ermög-
licht die Tatsache, dass die meisten organischen Materialien bei niedrigen Temperaturen oder
aus Lösungen prozessiert werden können, außerdem eine energieeffiziente Produktion. Es gibt
jedoch einige wichtige Parameter, die die Bildung der Dünnschichten stark beeinflussen und
somit die resultierenden Materialeigenschaften sowie die Leistungsfähigkeit des Bauteils be-
stimmen. Im Falle der Dünnschichtabscheidung im Vakuum sind die wichtigsten Prozesspara-
meter die Substrattemperatur während der Deposition, die Depositionsrate sowie die Oberflä-
chenenergetik des Substrats und bestimmte Nachbehandlungen (z.B. Lösungsmittelbehand-
lungen oder Tempern).
In dieser Arbeit wird der Einfluss der Struktur dünner Schichten auf die fundamentalen phy-
sikalischen Eigenschaften Lichtemission und Ladungstransport für eine Gruppe vielverspre-
chender n-Typ organischer Halbleiter, N,N’-dialkyl Perylen tetracarbonsäure diimide (PTCDI-
Cn), diskutiert. Zur Untersuchung der Emissionseigenschaften wurden Experimente mittels
temperaturabhängiger Photolumineszenzspektroskopie (PL) an strukturell sehr unterschied-
lichen Dünnschichtproben durchgeführt. Die Struktur der Dünnschichten wurde zum einen
durch thermische Behandlung während oder nach der Deposition und zum anderen durch den
Einsatz unterschiedlich langer Alkylketten als Substituent an den PTCDI Molekülen zwischen
amorph und hochtexturiert polykristallin kontrolliert. Es wird ein Modell vorgeschlagen, das
die Emissionsspektren in zwei verschiedene Beiträge aufteilt: Ein Emissionskanal entspricht
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dem typischen Verhalten eines H-Aggregats, was anhand der Kristallstruktur der PTCDI-Cn
auch erwartet wird. Weiterhin wird ein zweiter Emissionskanal, der einer defektunterstützten
Emission entspricht, für Proben mit wenig struktureller Ordnung identifiziert. Das Verhältnis
beider Emissionskanäle folgt strengen Tendenzen: Mit zunehmender struktureller Ordnung
durch Tempern verringert sich der Beitrag der defektunterstützten Emission monoton. Wei-
terhin wird beobachtet, dass durch längere Alkylketten als Substituenten eine höhere struktu-
relle Ordnung in den Dünnschichten erreicht werden kann. Bei gleichen Prozesstemperaturen
verringert sich der Anteil der Defektemission monoton mit ansteigender Alkylkettenlänge.
Um den Einfluss der Wachstumstemperatur und der Länge der Alkylketten der PTCDI Mole-
küle zu untersuchen wurde ein extra dafür angefertigter Versuchsaufbau benutzt, der die in-
situ Messung von Strom-Spannungskennlinien von Transistoren während des Wachstums der
Dünnschicht des aktiven Materials erlaubt. Aus diesen Experimenten können mehrere wich-
tige Schlüsse gezogen werden: Im Falle ausreichend langer Alkylketten (bestehend aus acht
oder mehr Methylgruppen) wächst das Material bevorzugt lagenweise, was sich in einer wohl-
definierten Entwicklung der Transistoreigenschaften mit zunehmender Schichtdicke nieder-
schlägt. Das Hinzufügen thermischer Energie durch die Deposition auf geheizte Substrate ver-
bessert das Wachstumsverhalten und damit die elektrischen Eigenschaften zusätzlich. Die bes-
ten auf diese Art hergestellten Transistoren besitzen hohe Ladungsträgermobilitäten von unge-
fähr 0,4 cm2/Vs. Weiterhin erlaubt die eingesetzte Charakterisierungsmethode durch den Ver-
gleich mit theoretischen Modellen die experimentelle Bestimmung der relativen Ladungsträ-
gerdichten innerhalb der einzelnen Monolagen des aktiven Materials, die zum Ladungstrans-
port beitragen. Mit Hilfe dieser Technik wird experimentell gezeigt, dass das für anorganische
Halbleiter gültige Modell der kontinuierlichen Ladungsträgerverteilung an der Grenzfläche zu
einem Dielektrikum für organische Halbleiter durch einen diskreten Formalismus ersetzt wer-
den muss, der die lagenweise Struktur dieser Halbleiter berücksichtigt.
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Chapter 1
Introduction
Since the early days of mankind, humans had a special interest in, and made use of light-fast,
vivid colors. The best preserved evidences for prehistorical intentional use of colors can be
found in several caves distributed over different regions of the earth. While the oldest paintings
discovered so far date back up to about 40,000 years from now [1] and are mainly found in
europe, indirect indicators for the use of paint can be traced back even longer: It is assumed
that the Blombos Cave, South Africa was used as a workshop for the production of ochre paint
about 100,000 years ago [2]. Recent findings suggest an use of paint even earlier: In Maastricht-
Belvédère, Netherlands, fragments of hematite1 were found together with pieces of bones and
charcoal and dated back to about 200,000 years ago [3]. This is in so far suprising, since the
nearest sources of this material are at least 30 km away from the excavation area. This implies
that the early Neanderthals who populated this region back then, intentionally brought the
hematite there to make use of it. Although it is not perfectly clear for which purpose, the most
likely explanation is that it was used as paint.
On the one hand, this early interest in colors offers us fascinating possibilities to learn about
the human evolution: Very recently, the finding of cave art in Sulawesi, Indonesia, produced
40,000 years ago, has been published [4]. Archeologists have been wondering for a long time
why the first appearances of cave art are found in central europe although the origin of homo
sapiens is most probably in south africa. These new findings may have one of two implications:
Either people at very different places on earth started to use paint at about the same time. Or,
the people in asia and europe both learnt the use of paints from their common ancestors whose
work just has not been found, yet.
1Hematite is the mineral of iron(III)oxide.
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On the other hand, the fascination for colors had a strong direct impact on more recent times as
well. The colors used in the stone age were mostly yellow ochre and red ochre (both mainly iron
oxide) and black (charcoal). Ancient high cultures, e.g. the egypts, chinese, greek and romans,
started to manufacture different new types of pigments; especially blue, green and purple be-
came available for the first time in larger amounts. Nonetheless, the production of some colors
was extremely difficult; the most famous example is probably Tyrian purple. This pigment was
already known to the ancient greek and roman. It is produced from the glant of small molluscs.
However, using todays manner of speaking, one could say, "The production yield was very low."
Barnett writes, "Since about 12,000 molluscs produced only about 1.4 g of this pigment, it was
very expensive and affordable only by the very rich." [5].
During the last centuries, the emerging field of chemistry greatly improved the possibilities
of pigment production. For example, the main component of the previously mentioned Tyr-
ian purple has been identified as the organic dye 6,6’-dibromoindigo in 1909 [6] and was first
chemically synthesized even before in 1903 [7]. Driven by the demand for large-scale, low-price
colorants, synthetic routes were developed to artificially produce all different kinds of colors.
In the 19th century, the main interest came from the textile industry. Later, in the 20th century,
the driving force for the production of new pigments was the automobile industry that had
special requirements on paint, e.g. a high stability against ambient influences like UV irradia-
tion or extreme temperatures. These demands are satisfied by many modern organic dyes like
perylene dyes or organometallic complexes like metal-phthalocyanines.
Interestingly, many of these organic dyes, regardless if naturally occuring or artificially synthe-
sized, exhibit outstanding electrical properties. Taking once again Tyrian purple as an example,
the 6,6’-dibromoindigo molecule can also be used as an ambipolar organic semiconductor [8].
Other organic pigments exhibit exclusively electron or hole transport. This makes it possible to
create lots of different electronic devices: Organic thin film transistors (OTFTs) exhibit n-type,
p-type or ambipolar behaviour, depending on the choice of active material. Furthermore, first
heterojunction devices like organic solar cells (OSCs) or organic light emitting diodes (OLEDs)
have been realized in the late 1980’s already [9, 10]. They rely on a combination of electron-
conducting and hole-conducting materials; the inorganic equivalent would be a pn-junction
of differently doped regions in a semiconductor. Obviously the question arises, if there is really
a market for this emerging field of technology. After all, similar applications are already real-
ized using inorganic materials. Several facts suggest that the answer to this question should be
"yes": Basically all applications based on organic semiconductors are realized using material-
efficient thin film processes. Furthermore, these materials can be processed at comparably
low temperatures or even from solutions. This makes production energy-efficient and allows
for the use of sensible substrates like plastic foil, textiles or even paper, thereby enabling the
production of flexible and/or transparent products.
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Todays commercially available OLEDs have several advantages like brilliant colors, high view-
ing angle, color stability and very low device thicknesses compared to their inorganic counter-
parts. Although they are already widely employed in everyday applications like mobile phones,
digital cameras or even TV screens, several challenges remain to fully explore the potential of
this technology. Up to now, mass production of large-area devices is not possible in sufficiently
high yields. This inevitably results in high prices for these products that many consumers are
not willing to pay. Furthermore, also from a fundamental research point of view, there is still
room for improvement to further optimize this technology.
The knowledge gained during pigment research and development, as well as the large amount
of materials that are already known from this research are two key factors for the rapid develop-
ment of organic optolectronics during the last two decades: For light-harvesting or -emitting
applications, the necessary methods to tune the color of the individual materials already have
been established, and many materials could even be used "out of the box" from pigment in-
dustry. However, for actual devices not only the constituent materials need to be optimized,
but also interfacial energetics as well as thin film growth need to fulfill certain demands. El-
egant routes to engineer the energetic landscape within the devices already exist and are in
the focus of current research: By adding electron-donating or electron-withdrawing groups to
the molecules, the molecular orbitals which are responsible for charge transport can be shifted
within a certain range. This allows to optimize interfacial energetics in heterojunctions or im-
prove ambient stability (see also Chap. 2). Another challenge is to optimize charge injection
or extraction at the interfaces with inorganic electrodes in order to minimize interfacial bar-
riers. Here, a promising approach is the tuning of the inorganic material’s workfunction by
employing a so-called self-assembled monolayer of organic molecules as is briefly described in
Sect. 5.2.2.
Scope of this thesis
Process parameters during the deposition of organic thin films in vacuum processes as well as
different post-processing steps may dramatically influence molecular ordering in thin films.
Many materials can be deposited in a wide range between amorphous and highly textured
polycrystalline, which also has significant impact on other physical properties. For example,
the perylene dyes investigated here, are known to show pronounced crystallochromy, meaning
the optical properties strongly depend on the packing of the molecules in the solid state as will
be discussed in Sect. 4.2. Furthermore, structural properties of basically all materials, regard-
less if organic or inorganic, dramatically influence charge transport within a solid. This work
aims at understanding the relationship between the structural quality of organic thin films and
their corresponding optical as well as electrical properties.
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The main tool employed in this thesis for optical characterization is temperature-dependent
photoluminescence (PL) spectroscopy. Combined with structural characterization, this method
helps to understand correlations between microscopic ordering of the molecules and their op-
tical emission properties. A characteristic spectral feature in the emission spectra of perylene
tetracarboxylic diimide thin films can be closely related to film structure and is assigned to
defect-assisted emission pathways. The corresponding results can be found in Chap. 6.
Furthermore, the evolution of charge transport parameters during film growth is discussed in
Chap. 7. For this purpose, a custom-built deposition chamber that allows for in-situ measure-
ments of electrical transport in real-time during film deposition is employed. Different growth
scenarios are realized using different derivatives of one perylene dye and different deposition
parameters. Again, the combination with structural characterization allows to gain new in-
sights into the formation of the first conducting layers of material. By comparison with theoret-
ical predictions, this method even allows for the determination of charge carrier distributions
along the growth direction in a working device.
4
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Fundamentals

Chapter 2
Organic Molecules
During the last century, semiconductor technology changed our lives in many ways: Everybody
uses multiple devices throughout the day that rely on transistors, integrated circuits and light
emitting diodes. Today, not only high-tech devices like personal computers or mobile phones
make use of this technology, but nearly every piece of modern equipment contains microchips
that employ semiconductors. Up to now, the materials used are mostly inorganic with the in-
dustrially most important one being silicon.
Although electrical transport as well as photoconductivity in organic semiconductors were al-
ready observed in the beginning of the 20th century and intensively investigated in the 1950’s
(see e.g. [11, 12]), no real efforts were made to employ them in applications. Even first obser-
vations of electroluminescence in organic crystals in the 1960’s [13, 14] did not change much
about this, probably because growth of the crystals used for the experiments was difficult and
time-consuming and the expected device performance was poor. The actual starting point for a
rapidly growing interest on optelectronic devices based on organic materials can be marked by
two famous publications of Ching Tang [9] and Ching Tang together with Steven VanSlyke [10]
in 1986 and 1987, respectively. In these publications, for the first time an organic photovoltaic
cell with a reasonable power conversion efficiency as well as an organic light emitting diode
with a reasonably low driving voltage are described. The key factor for realizing the outstanding
performances of these devices is the application of organic materials within thin film hetero-
junctions of different materials. Furthermore, during the 1980’s, first reports about organic thin
film transistor devices can be found in literature [15–17]. In the following, especially from the
mid 1990’s on, an increasing interest in this technology resulted in lots of research being carried
out on organic semiconductors and their application in thin film devices. Today, there are still
unresolved questions, but first organic devices have already entered the market. Even though
they will most certainly not be able to compete with their inorganic counterparts regarding
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performance for computing applications, organic semiconductors are of high interest for sim-
ple circuits as well as several optoelectronic applications: They can exhibit unique properties
like easy processability, light-weight, high mechanical flexibility or optical transparency. This
chapter aims at giving an overview about the physical properties of organic semiconductors
and introducing the materials investigated in the framework of this thesis.
First of all, it is necessary to define the scope of the term organic: Generally, a compound is
called organic if it is carbon-based, although there are some exceptions like diamond or differ-
ent forms of carbon oxides that are considered inorganic. While plenty of organic compounds
occur naturally, it is also possible to synthesize many more imaginable molecules specifically
for certain applications. Here, one important point is the development of design rules to tailor
the materials towards the individual needs for a specific application: How can molecular struc-
ture already predetermine optical properties or electrical conductivity and at the same time
meet other demands like ambient stability, solubility for easy processing or non-toxicity? In
Sect. 2.2, some of the design rules employed so far in terms of controlling the two key aspects
efficient charge transport and high ambient stability will be briefly discussed.
Due to the large variety of organic molecules, they are usually further divided into several
classes. One of the most intuitive classifications is according to their size. On the one hand
there are small molecules (also called oligomers) that consist of a well-defined numer of atoms
(usually not more than about hundred atoms). For small molecules, an exact chemical formula
and a chemical structure can be given. On the other hand there are polymers that consist of a
central building block (monomer) which is repeated for many times and the exact number of
repetitions is usually not entirely well-defined. For that reason, polymers are usually charac-
terized according to their molecular weight being an approximate measure for the amount of
monomer repetitions.
Regardless of their size, molecules containing aromatic groups are of special interest for ap-
plications in optoelectronics since these groups give rise to unique optical as well as electrical
properties as will be discussed in the following.
2.1 Aromatic molecules
A single carbon atom in its ground state has the electronic configuration 1s22s22p2, mean-
ing it has two valence electrons that are available for the formation of chemical bonds. How-
ever, under certain circumstances, the formation of hybrid orbitals may be favorable, leading
to new possible bond scenarios. In terms of energetics, the requirement for the formation of
a hybrid orbital is a larger gain in bond energy compared to the cost for hybridization. A hy-
brid orbital can be constructed by a linear superposition of several atomic orbitals Φi. For the
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planar, aromatic molecules usually employed for optoelectronics, the relevant case is the sp2-
hybridization where the superposition of the atomic s-orbital Φ2s with two p-orbitals Φ2px and
Φ2py leads to three sp2 hybrid orbitals. The fourth valence electron remains in its atomic orbital
Φ2pz .
The demand that the hybrid orbitals should be orthogonal to each other results in the charac-
teristic angle of 120◦ between these coplanar orbitals which favors the formation of hexagons
as observed in the single layers of graphite (graphene) as well as in many aromatic molecules.
The most simple aromatic molecule is benzene. It is depicted in Fig. 2.1, exhibits a hexagonal
shape and only consists of six carbon atoms bound to each other as well as six hydrogen atoms
connected to every carbon (C6H6). As expected, its shape is predetermined by the 120◦ angles
of the binding sp2-hybrid orbitals; these bonds are referred to as σ-bonds.
Figure 2.1 | Sketch of a benzene molecule. Shown are only the σ-bonds that connect the six
carbon atoms and attach one hydrogen to each carbon.
Since only three of the four outer electrons of every atom contribute to the σ-bonds, the re-
maining electrons occupying the atomic 2pz orbitals perpendicular to the molecular plane are
able to enter three additional bonds, resulting in alternating single and double bonds. This type
of chemical bond is also referred to as conjugated. Conjugated bonds may also occur in linear
molecules, one example are the class of conjugated dienes. Furthermore, there are two degen-
erate possibilites (resonance structures) of pz · ·pz interactions along the benzene ring. Due to
this degeneracy, the system must be described as a superposition of both states. In this picture
it is no longer possible to attribute the former pz electrons to distinct positions in the molecule.
The six electrons form clouds of delocalized pi-electrons slightly above and beneath the car-
bon nuclei (see Fig. 2.2). A planar, cyclic molecule that consists of conjugated double bonds as
described before is called aromatic.
In the molecule’s ground state, the pi-electrons are the outermost electrons of the molecule
and reside in the highest occupied molecular orbital (HOMO). For that reason the optical and
electrical properties of the molecule are determined by transitions of these electrons towards
the unoccupied states, often towards the lowest unoccupied molecular orbital (LUMO). This
process can be understood similar to a transition of an electron between valence band and
conduction band in a semiconducting solid.
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Figure 2.2 | Sketch of a benzene molecule. The pz-electrons of the individual carbon atoms
depicted on the left side form a delocalizedpi-electron cloud above and beneath the molecular
plane (right).
In a first approximation, it is possible to derive the corresponding gap between HOMO and
LUMO by treating the delocalized electrons like a particle in a box of width L. The correspond-
ing energy eigenvalues En are given by
En = h
2n2
2meL2
, (2.1)
where h denotes Planck’s constant, me the electron’s mass and the quantum number n is a
positive integer.
Assuming a C··C distance of d = 139 pm as deduced by X-ray analysis, the width of the box po-
tential becomes L = 6·d = 834 pm and one derives an energy of approximately 6.4 eV for the
transition from the ground state (n = 1) towards the first exited state (n = 2). This value closely
matches the transition energy of intense pi-pi∗ transitions observed in optical spectra at wave-
lengths around 200 nm.
Since larger aromatic molecules are also constituted by several aromatic rings, many trends
can be at least understood qualitatively based on the results for benzene. Connecting several
benzene rings consequently increases the delocalization length and thereby decreases the gap
between HOMO and LUMO. Linearly fused (annulated) benzene rings constitute the family
of oligoacenes with the most prominent members in current research tetracene (four rings)
and pentacene (five rings) (see Fig. 2.3). These molecules have optical transitions in the vis-
ible, reasonably large conjugated systems and can easily be synthesized via various routes
(see e.g. [18]). Especially the tetracene derivative rubrene, also shown in Fig. 2.3, is a bench-
mark molecule for organic single crystal transistors approaching charge carrier mobilities of
40 cm2/Vs [19], whereas pentacene has been widely applied in organic thin film devices like
transistors [20–22], inverters [23] and solar cells [24]. Although larger acenes may have even
more promising pi-electron systems, their complicated synthesis as well as their very poor
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ambient stability make them lose their attractivity as candidates for technological applica-
tions [25].
Figure 2.3 | Chemical structure of acenes (left). Tetracene (n = 2) and pentacene (n = 3) are
technologically most relevant since they have large pi-electron systems and are sufficiently
stable (acenes with n ≥ 4 are highly reactive). Right: The tetracene derivative rubrene is the
benchmark molecule regarding high charge carrier mobilities in ultrapure organic single crys-
tals.
Another important class of aromatic small molecules are the rylenes as depicted in Fig. 2.4.
They consist of naphthalene as the main building block; two naphthalenes condensed at the
so-called peri-position are denoted as perylene. As the molecules investigated within this the-
sis are perylene derivatives, their properties will be discussed in more detail in the next subsec-
tion.
Figure 2.4 | Chemical structure of naphthalene (left) and rylene or poly(peri-naphthalene) as
the linear chain of napththalenes condensed at the peri-position (right). The most common
rylene is perylene (n = 0).
2.2 Perylenes
Unsubstituted perylene occurs naturally under several conditions, e.g. in charcoal, particulate
matter, fossils and in marine sediments [26–29]. It has an optical gap of 2.9 eV, resulting from
a LUMO located at 2.5 eV [30] and a HOMO at 5.4 eV [31]. The fact that high quality single
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crystals can easily be grown either from solution or from the gas-phase makes this material es-
pecially interesting for fundamental research [32, 33]. Due to its relatively high lying LUMO, the
injection barrier for electrons from metal electrodes is very high and mainly p-type electrical
transport is observed [34–36] (see also Sect. 5.2). However, optical studies on electron trans-
port in this material also exist, confirming the intrinsic possibility of organic semiconductors
to conduct either holes or electrons [32].
Substituted perylenes are technologically more relevant, the most prominent ones are perylene-
3,4-9,10-tetracarboxylic dianhydride (PTCDA) and N,N’-substituted perylene-3,4-9,10-tetra-
carboxylic diimides (PTCDIs). Their molecular structures are shown in Fig. 2.5. The electron-
withdrawing anhydride or imide groups significantly lower the molecular orbitals with respect
to the vacuum level. However, the impact of the electron-withdrawing groups on the perylene
core is stronger for the LUMO than for the HOMO, which results in a lowered gap of about
2.35 eV and correspondingly in a redshift of optical spectra compared to the unsubstituted
perylenes.
a | PTCDA
b | PTCDI
Figure 2.5 |Chemical structures of the most important perylene derivatives. The anhydride- or
imide-groups, respectively, have electron-withdrawing character, thereby lowering the molec-
ular orbitals compared to unsubstituted perylene. The PTCDI molecule is the core of many
industrially relevant pigments. Their packing behaviour and thereby color (cf. Sect. 4.2) can
be tuned by changing the substituent R on the nitrogen atoms. Some substituents that are
often used are alkyl chains or phenyl groups.
The position of the molecular orbitals determine several important aspects of the molecule:
Clearly, the spectral region of optical transitions depends on the difference between HOMO
and LUMO, but also the ability to accept electrons or holes from an injecting electrode criti-
cally depends on the actual position of these orbitals. Furthermore, the understanding of other
factors like ambient stability or efficient exciton splitting at heterointerfaces require a profound
knowledge of the molecular energy levels.
Since the actual values of the molecular orbitals for PTCDIs are not unambigously described in
literature, a brief summary is given in the following. One reason for the widespread numbers
might be that different methods for determination are used in different publications. Although
it is not unusual to assign certain energies to the locations of HOMO and LUMO, these values
are also sensitive to whether the relevant orbitals are actually occupied or empty and therefore
depend on the measurement technique used for determination. For the best comparability, it
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would be preferable to speak in terms of ionization potentials and electron affinities instead
of HOMO and LUMO energies. Furthermore, a molecule in solution will behave different to a
solid sample where the orbitals of neighboring molecules may interact with each other, which
should be also considered when referencing literature data. As a further challenge, a precise de-
termination of reliable values is usually experimentally complex and often not straight-forward
in interpretation, e.g. the combination of ultraviolet photoemission spectroscopy (UPS) and
inverse photoemission spectroscopy (IPES) requires careful consideration of interfacial effects
like fermi-level pinning, possible charge transfer or band-bending.
Values that can be found for N,N’-alkyl PTCDIs in several publications are 3.4 eV for the LUMO
and 5.4 eV for the HOMO of N,N’-dialkyl PTCDIs. The attempt to trace these values back to
its original source leads to two publications of a research group from Osaka University [37, 38]
where the conclusion towards these energies was drawn from Kelvin-probe measurements on
methyl-PTCDI thin films. Despite the fact that they are cited in several papers, the values given
in references [37, 38] should be taken with care for the following reasons:
¦ The values were determined by a modified Kelvin-probe method in air combined with
chemical doping of the thin film samples under investigation. This method is sensitive
to the ambient conditions as well as to the exact properties of the reference electrodes,
which are important parameters. One of the electrodes used was indium tin oxide (ITO).
The actual workfunction of this material depends on several factors like cleaning proce-
dures, ambient conditions or even the exposure to UV light [39, 40].
¦ The energy difference deduced between HOMO and LUMO is significantly smaller than
the optical band gap of the dissolved molecule. It is even smaller than basically all re-
ported values for this system in the solid state which show an additional gas-to-crystal-
redshift compared to the energy gap of the free molecule (cf. Sect. 4.2). Although there
might be reasonable explanations for such behavior (optical excitations obviously also
change the occupation of the different orbitals and thereby influence their actual posi-
tion), for most materials the trend observed is the other way around due to excitonic
effects (for a large compilation of orbital energies and optical gaps see reference [41]).
¦ Other measurements with different methods like combined UPS and IPES or cyclic vol-
tammetry (CV) suggest values of about 3.8 eV up to 4.0 eV for the LUMO and more than
6.0 eV up to 6.6 eV for the HOMO [42–44]. These methods do also depend on reference
materials, but they are more established than the method used in references [37] and [38]
and are more in line with the expectations due to other techniques like optical absorption
spectroscopy.
To summarize, due to the impact of experimental conditions, care should be taken when dis-
cussing orbital energies. As one is often more interested in general trends than in absolute
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values, the best thing would be to compare only values determined by one specific method.
For this thesis, the values given in reference [42] of 3.95 eV and 6.6 eV for LUMO and HOMO,
respectively, will be assumed, since they were measured by a reliable technique on thin film
samples similar to the samples used here.
By systematic variation of the sidegroups attached to the aromatic core of linear acenes, the
authors of reference [45] showed that the type of carriers that can be injected and transported
strongly depends on the location of HOMO and LUMO (see also Sect. 5.1). Therefore the low
lying LUMOs of the PTCDI molecules are considered to be the main reason for their n-type
conductivity compared to unsubstituted perylene.
A further issue under current debate is the air stability of a certain molecule and design rules
to optimize this property. Many devices based on different PTCDI derivatives degrade in air, so
two prominent ways to increase ambient stability are commonly employed:
¦ Further reduction of the orbital energies by attaching additional electron-withdrawing
groups (e.g. CN-groups) directly to the aromatic core, which is supposed to lower the
reactivity with oxygen and water [46]. However, steric reasons may lead to a twisting of
the aromatic core which prevents dense packing and efficient pi · ·pi-overlap. [47]
¦ Fluorination of the substituents at the nitrogens of the imide groups. This has only a weak
impact on the orbital energies, but the large van der Waals radii of the fluorine atoms
compared to hydrogen hinder the penetration of oxygen or water into more densely
packed solids [48].
¦ Combinations of both methods described above [49].
The molecules investigated within this thesis have shown to be of intermediate ambient stabil-
ity regarding charge transport. Upon exposure to air, they do not lose their ability to conduct
electrons, but the measured charge carrier mobilities are significantly lowered. To minimize the
impact of ambient conditions, all measurements on electrical or optical properties are carried
out under vacuum or inert gas atmosphere if possible.
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Molecular Solids and Thin Films
Many inorganic systems condense in crystal structures with a high degree of symmetry, e.g. in
cubic or hexagonal phases. One key difference compared to molecular solids is the fact that
the individual atoms within the unit cell can be approximated by spheres. This assumption
does no longer hold for the farmost organic molecules which have highly anisotropic shapes.
For that reason, with very few exceptions like fullerenes that condense in a cubic structure [50],
organic molecules condense in triclinic or monoclinic lattices.
This chapter is intended to give an overview about the structural properties of molecular solids
with the main focus on molecular crystals and polycrystalline thin films. Polycyclic aromatic
hydrocarbons (PAHs) are an ideal class of molecules to demonstrate different influences on
solid packing motifs, therefore they will be used to motivate some basic properties of organic
solids.
The samples used in the experiments of this thesis are no single crystals, but polycrystalline
thin films grown in a vacuum deposition process. For that reason, a brief description of differ-
ent thin film growth models that are able to explain the possible outcomes of film structure and
morphology is given.
3.1 The four possible structures of PAHs
Todays research on crystal structure prediction mainly employs numeric methods that itera-
tively search for the thermodynamically most stable structure considering different packing
motifs, intermolecular interactions of different kinds and internal molecular degrees of free-
dom, if available. A comprehensive review about this topic is given in reference [51]. However,
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for the scope of this thesis it is more relevant to understand certain packing motifs and differ-
ent general factors that influence the condensation of molecules in different structures. For
that reason a discussion based on a more descriptive model is given in the following.
In their publication worth reading "Crystal Structures of Polynuclear Aromatic Hydrocarbons.
Classification, Rationalisation and Prediction from Molecular Structure" [52], Desiraju and Ga-
vezzotti demonstrate how a sharp look at molecular structures can already give you a good idea
about its packing motif in the solid.
Their main arguments are two points:
¦ Solids of PAHs can be divided into only four different stable packing motifs: The her-
ringbone pattern, the sandwich herringbone pattern, the so-called γ-structure and the
β-structure (cf. Fig. 3.1).
¦ The individual atoms in the molecule can be classified according to their ability to pro-
mote either a co-planar stacking of two molecules or an inclined arrangement. Accord-
ingly, every atom gets a stack- or glide-factor assigned. The summation over all atoms
and the resulting ratio between glide- and stack-contributions determines the packing
motif.
It should be noted here that the classification into the four different structures shown in Fig. 3.1
was also introduced in reference [52] as an extension of the model given in reference [53], nev-
ertheless other possible classifications may also exist.
Figure 3.1 | The four packing structures according to Desiraju and Gavezzotti, each depicted
by a molecule that adapts the corresponding structure. Image created by P. Schulz [54] after
[52].
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The assignment of the glide- or stack factors to the atoms in a molecule follows a very intuitive
concept. Hydrogens only reside at the edges of the planar molecules and the only attractive in-
termolecular interaction involving hydrogens is the interaction with the pi-electrons above the
aromatic carbon core of a second molecule. The most favorable geometry for a high interaction
cross section is a perpendicular arrangement of both interacting molecules. For that reason,
every hydrogen atom has a glide-factor of unity and a stack-factor of zero. On the other hand,
a carbon atom located near the center of a planar molecule is often surrounded only by other
carbon atoms. Its favorite interaction with a neighboring molecule is through pi · ·pi-stacking of
both molecules. Therefore it is strongly stack-promoting (stack-factor of unity). However, most
carbon atoms (especially those that are surrounded by hydrogens as well as carbons in their
molecules), have glide- as well as stack-promoting abilities, therefore their glide- and stack-
factors get split into 0.5 for each contribution. Finally, some atoms cannot contribute as strong
as others to intermolecular interactions, which is mainly caused by steric hindrance. This fact
is accounted for by assigning an additional availibility factor between 0 and 1 to every atom.
When plotting the total molecular glide-stack-ratio versus the molecular area (Fig. 3.2), the
molecules can be divided into four distinct groups. Each group belongs to one of the four pack-
ing motifs as confirmed for many molecules by experimental X-ray diffraction data. Molecules
that condense in a herringbone packing represent the topmost data points. This can be under-
stood when looking at the crystal structure: The herringbone motif requires a large contribu-
tion of glide-promoting interactions. Furthermore, for all subgroups a decreasing glide-stack-
ratio with increasing molecular area is observed. Increasing the molecular area is accompanied
with a faster increase in "core" carbon atoms than "edge" carbon atoms. The core carbon atoms
possess mainly stack-promoting abilities.
However, this plot does not really account for polymorphism as observed for some molecules.
Perylene is clearly assigned to the sandwich herringbone structure, maybe in proximity to the
line for the γ-structure. While the sandwich herringbone structure is the one most often ob-
served, a second phase of perylene where it condenses in the herringbone motif is also known.
The authors suggest that their plot gives the thermodynamically most stable structure; the case
of perylene may also be an indicator for this fact: The herringbone structure transforms irre-
versibly towards the sandwich herringbone structure at elevated temperatures [55].
To summarize, one has to acknowledge that despite its simplicity, the model developed by De-
siraju and Gavezzotti is able to predict the resulting crystal structures just by geometrical con-
siderations for many different molecules. Even substitutions of single atoms by other chemi-
cal species (e.g. sulfur or nitrogen) in many cases still give reasonable results, but there is one
major assumption that is not satisfied by the N,N’-alkyl PTCDIs discussed in this thesis: The
model proposed so far is only valid for aromatic, planar molecules. Especially the alkyl sub-
stituents on the PTCDIs are not classified within this model. First, they are not aromatic and
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Figure 3.2 | The glide-stack-ratios plotted versus the molecular area for several polycyclic aro-
matic hydrocarbons. One can see that the data points are located along four lines in this plot,
indicating the four different packing motifs. The actual identification of the data points with
the individual molecules can be found in the original source [52]. Perylene, that is discussed
in the text, is represented by point number 14. Reproduced with permission from reference
[52]. Copyright International Union of Crystallography.
second, they can easily be bent or twisted. Nevertheless, considering only the aromatic core of
these molecule as one interacting component, the geometric considerations by Desiraju and
Gavezotti suggest that stacking through pi · ·pi-interactions should be one important factor. The
nitrogen substituents should therefore mainly influence the way these molecules stack, but not
the fact that they stack.
In the case of many commonly employed nitrogen substituents, especially alkyl chains, the
solids of PTCDI molecules form quasi-one-dimensional stacks, since the stacks are mainly a-
ligned parallel towards each other [56, 57]. Along the stacking direction strong molecular in-
teractions are expected and only weak interactions between neighbouring stacks should oc-
cur. This is also resembled in the structure of single crystals as depicted in Fig. 3.3: Most
molecules crystallize in small crystals with very elongated shapes, often referred to as nano-
or microwires [58, 59]. Within the notation of Desiraju and Gavezzotti, these one-dimensional
stacks can maybe best understood as the extreme case of a γ-structure with the intermolecular
angle approaching zero, meaning all molecular planes in the unit cell are oriented in the same
direction.
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Figure 3.3 | Crystal structure as determined by X-ray diffraction of single crystalline PTCDI-C8
nanowires grown by the solution-phase self-assembly method. (A) depicts the b-c as well as
the a-c planes and in (B) the theoretically modelled crystal shape according to the Bravais-
Friedel-Donnay-Harker method is given. It predicts an elongation along the (100)-direction
which is well in line with the experimentally observed needle-like shapes. Reprinted with per-
mission from [58]. Copyright (2007) American Chemical Society.
3.2 Thin film growth
The samples investigated in the framework of this thesis consist of vacuum-deposited thin
films. Several parameters like substrate temperature, interface energetics or deposition rate
determine the growth scenario and thereby the structural properties of the resulting thin films.
In the following, the basic concepts of thin film growth will be discussed.
Although originally developed for epitaxial, inorganic thin films, already existing growth mod-
els are able to explain many features observed in organic thin film growth as well. Generally,
the growth of thin films depends on kinetic as well as energetic effects. Theoretical descriptions
usually consider one of the extreme cases as a first approximation. The quantity that is consid-
ered to divide between energetically and kinetically driven growth is the supersaturationσ. For
low supersaturations, the growth is considered to be near the thermodynamic equilibrium and
therefore dominated by energetic effects, meaning the system has a high probability to reach
the state of lowest energy. For large supersaturations, the excess energy of particles arriving at
a substrate is on the same order of magnitude as the binding energy to the substrate, making
the growth kinetically driven.
The following descriptions are mainly given according to the textbooks by Michely and Krug
[60] and Venables [61]. For a deeper understanding on growth-related phenomena, these books
can be taken as comprehensive starting points.
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3.2.1 Growth near thermodynamic equilibrium
For the growth of epitaxial thin films near thermodynamic equilibrium, Bauer has established
a criterion based upon simple energetic considerations that is able to explain if a thin film has
a stronger tendency to grow in a layer-by-layer fashion or if it is more favorable to form islands
on the substrate [62]. The quantity to consider is the energy difference ∆γ given by
∆γ= γD+γint−γS, (3.1)
where γD is the surface tension of the thin film material, γint is the interfacial energy between
substrate and thin film and γS is the surface tension of the substrate.
¦ If the sign of ∆γ is negative, the thin film material prefers complete wetting of the sub-
strate. This promotes a growth in a layer-by-layer fashion, the so-called Frank-van-der-
Merwe growth.
¦ If the sign of∆γ is positive, the thin film material has a stronger tendency to bind to itself
than to the substrate. As a result, wetting of the substrate is energetically unfavorable and
the resulting thin film will consist of isolated islands that will eventually grow together
with increasing amount of material on the substrate. In this case the growth is denoted
as Volmer-Weber growth.
¦ In the last case, at first the sign of ∆γ is negative, leading to the formation of a few closed
wetting layers on the substrate. Afterwards, the influence of the substrate vanishes (e.g.
due to the relaxation of strain) leading to a change of sign in ∆γ. Islands start to grow on
top of the wetting layers. This mixed-mode growth is called Stranski-Krastanov growth.
Figure 3.4 | Thin film growth modes according to Bauer. In the case of Frank-van-der-Merwe
growth, surface and interface energetics favor a strict layer-by-layer growth (left). The Volmer-
Weber growth is characterized by islands and slow wetting of the substrate (center). If the first
layers completely wet the surface and afterwards the growth mode changes to island growth,
it is called Stranski-Krastanov growth (right).
A schematic of the three different possible growth modes is depicted in Fig. 3.4.
As a closing remark to the growth modes according to Bauer, it should be emphasized a last
time that these growth modes result from purely energetic considerations. In literature the
nomenclature given here is often used if a certain film looks like one of the scenarios above,
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regardless of the reason for the observed morphology. This leads to an intermixing of these
terms with physical processes that produce a similar result, but have a different (kinetic) origin.
Therefore, special care should be taken when using this nomenclature: As an example, does a
film that shows an island-like growth really deserve the term Volmer-Weber? This name clearly
implies a certain relationship between film- and substrate energetics.
3.2.2 Growth far away from thermodynamic equilibrium
When discussing thin film growth in ultra-high vacuum (UHV), usually a kinetic treatment
might be more realistic than pure energetic considerations as carried out before. Consider-
ing the supersaturation of a given material, one has to look at the chemical potential µG in the
gas-phase first:
µG =−kBT ln
(
kBT
pλ3
)
(3.2)
where kBT is the thermal energy, p the vapor pressure of the material and
λ= h
(2pimkBT )
1/2
(3.3)
is the thermal de Broglie-wavelength of a single particle with mass m (h denotes Planck’s con-
stant).
Under equilibrium conditions the chemical potentials of the gas phase and the solid phase
are identical µG = µS, therefore the equilibrium vapor pressure pe can be derived from the
equations above to
pe =
(
2pim
h2
)3/2
(kBT )
5/2 exp
(
µS
kBT
)
. (3.4)
Under non-equilibrium conditions the driving force for condensation or sublimation is now
given by the difference of chemical potentials between both phases
∆µ= kBT ln(σ), (3.5)
where σ= ppe denotes the supersaturation.
To derive a reasonable value for∆µ of the prototype molecule perylene during thin film deposi-
tion, one can take literature data for the vapor pressure at elevated temperatures as a reference
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[63] and extrapolate them according to the Clausius-Clapeyron equation towards room tem-
perature. A conservative estimation for the supersaturation under typical experimental con-
ditions (in case of a low deposition rate of 0.2 Å/s) yields in analogy to the example given by
Michely for Pt in reference [60]:
ln
p(TSource)
p(TSubstrate)
= ln p(340K)
p(293K)
≈ ln 10
−13 Pa
10−21 Pa
≈ 18. (3.6)
The corresponding driving force according to Eq. 3.5 is about 450 meV per molecule, being
(again in analogy to Michely’s estimation for Pt) in the same order of magnitude as the total
binding energy for a molecule within the solid which can be estimated from literature values for
the enthalpy of sublimation. In the case of perylene this quantity is approximately 120 kJ/mol
[64], therefore a binding energy in the solid of about 1.25 eV/molecule can be deduced. Given
the fact, that a molecule arriving on top of a surface has less nearest neigbours than a bulk
molecule, this value can be considered as an upper boundary.
To summarize, these estimations should underline that thin film growth usually takes place far
away from thermodynamic equilibrium and therefore a kinetic approach for describing growth
is justified. One of the main differences towards the purely energetic discussion in the last
section is the fact that a particle arriving on a surface has several different options what to do
next.
On the one hand it may get reflected from the surface due to elastic scattering, but on the other
hand it may stay on the surface and rapidly lose energy inelastically (it gets thermalized). Sub-
sequently it may diffuse over the surface for a characteristic time which can be described in a
random walk model. A more detailed and deeper description of these phenomena is discussed
in references [60] and [61], here only the main results for understanding film growth will be
given.
The average distance between the arrival on the surface and point of residence at the time t of
a molecule can be written as
〈(r(t )− r(0))2〉 = 4Dt = νl 2t (3.7)
with the diffusion constant D , the average distance per random walk step l and the jump rate
ν which follows an Arrhenius-law
ν= ν0 exp
(
− ED
kBT
)
. (3.8)
22
Section 3.2: Thin film growth
The term ν0 is referred to as attempt to hop frequency and the applicability of this model is
given as long as the thermal energy of the molecule is small compared to the diffusion barrier
ED. A molecule diffusing over the surface can now reach an existing cluster of molecules and
attach to it. It may also meet a second individual molecule and form a new cluster. However,
molecules belonging to clusters may also detach again and diffuse further over the surface. As
soon as the molecules arriving and attaching at a cluster outnumber those detaching, the clus-
ter is considered stable. If the aforementioned processes are now treated within a rate equation
model, the important scaling relationship of nucleation can be derived:
N ∝
(
F
D
) i∗
i∗+2
. (3.9)
This relationship states that with a given surface diffusivity, the number of islands N (stable
clusters) is determined by the flux of arriving molecules F . The value i∗ in the exponent corre-
sponds to the number of molecules needed to form a stable cluster (often in the order of only
a few single molecules, see e.g. [65])1. In terms of experimental considerations this relation-
ship implies the following: A low deposition rate leads to few large islands compared to many
small islands at high rates. Especially for the case of thin film transistors as few grain bound-
aries as possible are desirable (see Chap. 5), but also for the observation of collective excitonic
effects (see Sect. 4.2), large islands with few defects are preferrable. Finally, large islands are
much easier to resolve with surface scanning methods like AFM, making observations of the
growth modes within the first monolayers more significant. For these reasons, the deposition
rates for the thin film samples investigated within this thesis were kept reasonably low (0.2 Å/s
or less).
1It should be mentioned here, that this formulation holds under the assumptions of complete condensation and
the growth of 2d-islands. For incomplete condensation additional factors need to be considered and for 3d-
islands, adaptions to the exponent in Eq. 3.9 need to be considered.
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Optical Transitions in Molecular Solids
Many organic molecules containing aromatic groups show intense optical transitions in the
visible range. For that reason, many materials that are in the focus of todays research on or-
ganic optoelectronics are already well known from the pigment industry. Some very prominent
examples are the classes of metal phthalocyanines, indigo dyes or diketopyrrolopyrroles (DPP).
On the one hand, these dyes are known in our everyday life, e.g. as dyes in blue road signs, blue
jeans or red automotive paints. On the other hand, these materials are of high interest for the
use in organic optoelectronic devices [66–68].
Another famous example are the perylene diimides investigated in this thesis: They can be ap-
plied as n-type semiconductors for optoelectronics. Furthermore, although they all carry the
same aromatic core, several red, maroon, violet and black dyes based upon these molecules
exist. Interestingly, the main difference in appearance between these dyes is caused solely
on the nitrogen substituents that influence molecular packing in the solid state, but leave the
aromatic core unaffected. The different packing motifs result in different interactions of the
frontier molecular orbitals which strongly affects the optical properties of the solid. This pro-
nounced crystallochromy makes the class of perylene diimide molecules very versatile to study
aggregation effects.
This section aims at illustrating the fundamental factors determining the optical spectra of
molecular solids. Sect. 4.1 starts by describing single molecular spectra, that restrict the op-
tical transitions towards certain spectral regions. Afterwards, intermolecular interactions will
be introduced as perturbations within a tight-binding model. The resulting solid-state spec-
tra can be understood by considering charge-transfer processes between individual molecules
as well as the relative orientation of the transition dipole moments of neighboring molecules.
These effects will be discussed in Sect. 4.2.
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4.1 The photophysical cycle of a single molecule - vibronic
transitions
For a molecule in its ground state, the fundamental photophysical process is the absorption of
a photon which induces an electronic transition towards an excited state. Although there may
be interactions with photons of energy lower than the HOMO-LUMO gap (e.g. excitation of
molecular vibrations with infrared light or electronic excitations upon two-photon absorption),
the following discussion is carried out for photons that satisfy EPhoton ≥ ELUMO −EHOMO. If
the absorbed photon carries sufficient excess energy, additional vibrational excitations may be
induced. Such processes involving electronic as well as vibrational excitation or relaxation are
referred to as vibronic transitions.
In a very good approximation, the vibrational potentials can be described as parabolic with
respect to the nuclear coordinates, resulting in states with equally spaced energies Eν,
Eν = (ν+ 1/2)~Ω. (4.1)
The quantum number of the vibrational modes introduced here is ν. The vibrational energy
quantum ~Ω observed in many experiments is in the order of 170 meV for most aromatic mol-
ecules. This can be explained by a strong coupling of optical transitions to an effective vibra-
tional mode1 of this energy that is caused by C··C vibrations of the aromatic backbone [69–
71].
The transition probability amplitude P between the states Ψm,µ and Ψn,ν coupled by the tran-
sition dipole moment µˆ, where n,m describe the electronic state and µ,ν the vibrational state,
respectively, can be written as
P = 〈Ψm,µ|µˆ|Ψn,ν〉. (4.2)
The Franck-Condon principle states that this transition can be treated within the Born-Oppen-
heimer approximation (also often referred to as adiabatic approximation): Due to the large
difference in mass between electrons and nuclei, the electronic and vibrational excitations can
be treated individually [72, 73] since electrons follow the movement of the nuclei nearly instan-
taneously. The decoupled wavefunction can be written as the product of these contributions
1effective mode: a group of modes within a small spectral region; for the transitions discussed here between ap-
prox. 1250 cm−1 and 1600 cm−1
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(omitting an additional spin-dependent factor):
Ψm,µ =Φm(~r )χm,µ(~R). (4.3)
Here, Φm describes the electronic and χm,µ the vibrational part of the wavefuntion. The elec-
tron’s coordinates are~r and the coordinates of the nuclei ~R. Furthermore, the Born-Oppenhei-
mer approximation allows the separation of the dipole moment µ in an electronic and nuclear
component µ = µe +µN . Using the orthogonality of the electronic states, Eq. 4.2 can now be
written as
P = 〈Φm|µˆe |Φn〉〈χm,µ|χn,ν〉. (4.4)
In the singlet ground state S0 all electron spins are paired. Direct optical transitions do not
support spin-flip events, therefore such transitions take place towards excited singlet states Sn.
In the following, we will only consider transitions between S0 and one disctinct excited state
(usually the S1 state), as these transitions are the relevant case for this thesis. This allows to
label transitions only by the involved vibrational states: For example, the term 0-0 transition
corresponds to a transition between the S0,0 and the S1,0 state.
The individual transition probability is directly proportional to the term |〈χm,µ|χn,ν〉|2, the so-
called Franck-Condon factor. This means, the Franck-Condon factors determine the lineshape
of molecular absorption and emission spectra. If the initial state is the vibrationless ground
state (which is a valid assumption since ~ΩÀ kBT ), it can be shown that the Franck-Condon
factors resemble a poisson distribution, as discussed by Huang and Rhys [74]:
|〈χ0,0|χ1,ν〉|2 = e−g
2 g 2ν
ν!
. (4.5)
In Eq. 4.5, the exciton-phonon coupling constant g describes the relative displacement in terms
of nuclear coordinates between the ground- and excited-state potentials. Since the excited
state is bound a little weaker than the ground state, the equilibrium position of the nuclei cor-
responds to larger internuclear distances. Often, the substitution S = g 2 is carried out, where
S is called the Huang-Rhys factor. The quantity S can be understood as the average number
of phonons emitted during structural reorganization: If g is large, the displacement between
ground state and excited state potentials is large, meaning the nuclear positions of the molecule
in both states differs significantly and the adaption to the new state must be accompanied by
the emission of many phonons.
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Finally, one can define the reorganization energy λ of a molecule
λ= S~Ω (4.6)
as the amount of energy needed to geometrically adapt the molecular structure within the ex-
cited state to the corresponding new electronic wavefunction. This parameter is especially
important when discussing electron transfer pocesses, i.e. within the Hopping transport model
(cf. Sect. 5.1.1, a compilation of reorganization energies can be found there as well). A high re-
organization energy will result in a high deformation of a molecule upon charge transfer, which
is unfavorable for efficient charge transport through a molecular solid [75, 76]. Charge trans-
port models and their dependencies on molecular properties will be discussed in Sect. 5.1.
After absorption of a photon, the molecule has several ways to relax towards the ground state,
always starting with a fast, non-radiative relaxation towards the bottom of the excited state.
This behavior is implied in Kasha’s rule that states, "The emitting level of a given multiplicity is
the lowest excited level of that multiplicity" [77]. Although there are very few exceptions from
this rule where emission may take place from a higher excited state [78, 79], the majority of
molecules, including the ones investigated within this thesis, are supposed to follow Kasha’s
rule.
From the bottom of the excited state, the molecule will relax within a certain time towards the
ground state, either non-radiatively (assisted by phonons) or via one of the following radiative
paths as indicated in Fig. 4.1:
¦ Direct radiative transition towards the S0 state (fluorescence)
¦ Intersystem crossing towards a triplet state followed by a slow (spin-forbidden) radiative
transition towards the S0 state (phosphorescence)
¦ Thermally activated delayed fluorescence (TADF). This process requires the energy off-
set between singlet and triplet levels to be very small. Once an excited molecule is in
a long-living triplet state due to intersystem crossing, a thermal activation towards the
short-living singlet level may be possible (reverse intersystem crossing, RISC) [80]. TADF
is especially beneficial for organic light emitting diodes [81], since electrical excitation
is not spin-selective and thereby produces 25% singlets and 75% triplets. If the triplets
are not efficiently converted towards singlets, the probability for non-radiative recom-
bination is very high (due to the triplets’ long lifetime), thereby lowering the achievable
quantum yield to 25%.
The triplet state in the perylene derivatives discussed within this thesis is optically hardly ac-
cessible due to a very small probability of intersystem crossing. The required spin-flip for this
28
Section 4.1: The photophysical cycle of a single molecule - vibronic transitions
S0
S1
T1
S0
S1
T1
S0
S1
T1
Ab
so
rp
tio
n
Ab
so
rp
tio
n
Ab
so
rp
tio
n
Fl
uo
re
sc
en
ce
 (≈
 n
s)
TA
DF
 (≈
 μs
 ..
 m
s)
Ph
os
ph
or
es
ce
nc
e (
≈ μ
s .
. s
)
ISC ISC
RISC
E
≈kBT
Figure 4.1 |Radiative recombination pathways of a molecule after light absorption. In the case
of fluorescence, the molecule relaxes within a timescale of nanoseconds directly towards the
ground state. If intersystem crossing (ISC) towards a triplet state occurs, radiative recombi-
nation can take place via phosphorescence, which is several orders of magnitude slower than
fluorescence. Recently, molecules have been synthesized where the energy difference between
the singlet state S1 and the triplet state T1 is in the order of about 50 meV. In this case, reverse
intersystem crossing (RISC) from the triplet towards the singlet state becomes possible and
is followed by fluorescence. This is referred to as thermally activated delayed fluorescence
(TADF).
process is usually only possible upon spin-orbit scattering which is neglible unless heavy atoms
are present as e.g. in metal complexes. Therefore, the last two processes are not supposed to
occur for the materials under investigation. Nevertheless, due to its long lifetime, there is a cer-
tain interest in using the triplet state, e.g. for application in photovoltaics. So far, observation
of the triplet state was only possible after substitutions at the molecule with heavy atoms like
Pt [82] or upon bimolecular sensitation by a second, different molecule [83]. Additionally, the
singlet-triplet splitting ist supposed to be on the order of magnitude of at least several hundred
meV [84], a value of even 1.15 eV is deduced for a certain PTCDI derivative in [83], making TADF
also impossible.
Taking only fluorescence as a meaningful radiative relaxation pathway into account, the pic-
ture of displaced parabolic potentials implies another phenomenon often observed in molecu-
lar spectroscopy: the so-called mirror-image rule. Since the potentials of the electronic ground
state S0 and the first excited state S1 usually have very similar shape, the Franck-Condon fac-
tors for absorption and emission are basically identical. As a consequence, the relative inten-
sities of the phonon-sidebands for absorption and emission are also similarly distributed. Fur-
thermore, in most cases the emission spectrum is slightly shifted towards smaller energies.
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This shift is denoted as Stokes-shift and a direct consequence from the displacement between
ground and excited states with respect to the nuclear configuration coordinate.
Fig. 4.2 illustrates in a simplified picture the photophysical processes of a single molecule and
one example for calculated optical spectra. Despite its simplifications, this picture is able to
demonstrate all phenomena as discussed at this point.
Figure 4.2 | Left: Sketch of vibronic transitions upon optical excitation from the ground state
S0 to the first excited state S1 in the picture of displaced potentials as discussed within this sec-
tion. The following processes are shown: 1 - Absorption of a photon, 2 - Relaxation towards the
lowest excited state, 3 - Emission of a photon, 4 - Relaxation towards the vibrationless ground
state. Right: Calculated absorption and emission spectra assuming a gaussian broadening of
the transitions, a vibrational spacing of 170 meV, a Huang-Rhys factor of 0.8 and a Stokes shift
of 0.1 eV.
4.2 Aggregation effects
Single molecules are certainly the best understood systems, but in most cases, possible applica-
tions are based upon aggregated molecules forming a solid. Within the solid phase, interactions
between different molecules that may give rise to new spectral features need to be considered,
as will be discussed in the following.
An optical excitation of an electron within a solid over its band gap can have different outcomes.
On the one hand, it may produce free (delocalized) charges: One electron is excited into the
conductance band and one hole remains in the valence band; this is often the case for inorganic
semiconductors. On the other hand, the excited electron may still be affected by the hole via
Coulomb interaction. If this is the case, a state similar to the hydrogen atom is obtained and the
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fact that this state exists within a solid can be accounted for by the introduction of a background
permittivity ²r. Electron and hole form a so-called exciton with the binding energy
En = µ
∗e4
32pi2~2²20²
2
r
1
n2
. (4.7)
In Eq. 4.7, e is the elementary charge, ~ is the reduced Planck constant, ²0 the vacuum per-
mittivity, n the quantum number of the excitonic state and µ∗ denotes the reduced effective
mass of the respective effective masses of electron and hole. It is also possible to introduce an
excitonic Bohr radius
an = 4pi~
2²0²r
µ∗e2
n2 (4.8)
which is a measure for the spatial extent of the exciton. When inserting typical material pa-
rameters for inorganic semiconductors into Eq. 4.7 and Eq. 4.8, one typically yields binding
energies of a few meV (e.g. GaAs: 4.2 meV [85]) and Bohr radii of tenths of nanometers. Com-
pared to thermal energies and typical crystallographic unit cells, this means that excitons are
spread over hundreds of atoms and often already split at room temperature. Such excitons are
called Wannier-Mott excitons. As a result, in inorganic semiconductors, free carriers are easily
created by photons and often excitonic effects can be observed only at low temperatures.
For organic solids as well as for some ionic solids or inorganic van der Waals crystals, the sce-
nario is usually just the other way around: Small dielectric constants and high effective masses
of the carriers result in small Bohr radii of about 1 nm and high binding energies of hundreds
of meV, meaning that a strongly bound electron-hole pair has a similar extension as the size of
one single unit cell. For these Frenkel excitons, the hydrogen model described above is not very
exact since the approximation of a constant dielectric background does no longer hold. How-
ever, estimations for binding energies and exciton radii deduced from this model still provide
reasonable values. In molecular spectroscopy, the term Frenkel exciton is often used inter-
changeably with the definition of an exciton localized on one single molecule.
Although Frenkel excitons are supposed to be localized at one distinct molecular site, possibil-
ities for intermolecular excitonic interactions can be imagined: Electron and hole may reside
on different neighboring molecules, resulting in charge transfer excitons (CT excitons). Still, the
separation into free charge carriers is highly unlikely due to the large binding energy, at least
within monomolecular solids. Since the Frenkel exciton model is very useful for understanding
the most important implications of excitonic interactions, it will be discussed in the following.
Afterwards, a brief discussion of its limitations and possibilities to expand the model is carried
out.
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4.2.1 Frenkel exciton model
The following subsection is mainly based on the comprehensive discussion by [86], but the fo-
cus here lies on important relations for the understanding of the experimental results discussed
in Chap. 6. For a detailed derivation of the formulas given here, see the original source.
Many important influences on optical spectra upon aggregation can be understood when imag-
ining exciton transfer processes between neighboring molecules. In the simplest case, not in-
dividual carriers constituting the exciton move to a different molecule, but the whole exciton.
The consideration of an one-dimensional chain of N molecules with equidistant spacing a is
a reasonable approximation for many organic crystals since excitonic interactions mainly take
place along crystallographic directions of significant overlap ofpi electrons. Especially the pery-
lene derivatives investigated within this thesis are often considered as quasi one-dimensional
(cf. Sect. 3.1). Within the Frenkel exciton model, the exciton is considered to be a neutral exci-
tation on an individual molecule, but has the possibility to hop entirely to a different molecular
site. Considering only nearest-neighbor hopping events, the corresponding Hamiltonian can
be written in second quantization as:
HF = ²F
∑
n
b†nbn+ J
∑
n
(
b†nbn+1+b†n+1bn
)
(4.9)
where ²F corresponds to the on-site energy of a Frenkel exciton, J denotes the exciton transfer
integral between nearest neighbors and b†n, bn are the creation and annihilation operators for
an exciton on the nth molecule. The Fourier transformations into the momentum-coordinate
k of these operators are given by
bk =
1p
N
∑
n
e−i kanbn (4.10)
and
b†k =
1p
N
∑
n
e i kanb†n, (4.11)
respectively. Using
b†kbk′ = δk,k′b†kbk (4.12)
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one can write the Hamiltonian in momentum space as
H =∑
k
Hk (4.13)
with
Hk = (²F+2J cos(ka))b†kbk. (4.14)
The corresponding energy dispersion E(k) is given by
E(k)= ²F+2J cos(ka). (4.15)
In a first approximation, it is possible to describe the transfer integral J in terms of a dipole-
dipole interaction between nearest neighbors. It reads
J = 1
~r12
3
(
~p1 · ~p2−3 (
~p1 · ~r12)( ~r12 · ~p2)
~r 212
)
. (4.16)
The ~pi denote the transition dipole moments for an electronic transition of the corresponding
molecules and ~r12 is the vector connecting the molecules. For two equal dipoles that are ori-
ented parallel as it would be the case in an one-dimensional chain, Eq. 4.16 can be rewritten
as
J = p
2
~|r12|3
(
1−3cos2(γ)) , (4.17)
where γ denotes the pitch angle between these molecules as illustrated in Fig. 4.3. Depending
on γ, J may now adapt different values, resulting in an energy splitting as depicted in Fig. 4.3.
According to Eq. 4.16, J can take positive or negative values, resulting in positive or negative
dispersion of the corresponding excitonic band. If J > 0 (J < 0), the maximum of the band is
located at k = 0 (k = pi/a) and the minimum at k = pi/a (k = 0). The impact on the photophysical
properties becomes obvious if one keeps in mind that optical transitions are vertical in recip-
rocal space: For J > 0 the onset of absorption is shifted towards larger energies (hypsochromic
shift), resulting in a so-called H-aggregate. The other case (J < 0) is referred to as a J-aggregate2.
The resulting band structures for H- as well as J-aggregates are depicted in Fig. 4.4.
2J-aggregates are named after Jelley, who first described this phenomenon [87]. Sometimes they are also called
Scheibe-aggregate since Scheibe discovered this phenomenon at the same time independently from Jelley [88]
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Figure 4.3 | Illustration of the spectral shifts upon forming a one-dimensional aggregate of
molecules. Due to the different dielectric background in the solid phase (or within a solution)
compared to the gas-phase of a molecule, there exists an energetic offset D between the free
molecule’s transition and the aggregate (gas-to-crystal shift or solvent shift). When treating
the single molecules as point dipoles, the relative orientation between neighboring molecules
leads to a splitting of the energy levels. Depending on the intermolecular pitch angle between
two molecules, either the transition towards the lower (J-aggregate) or the upper (H-aggregate)
component is dipole-allowed. At the magic angle of 54.7° the splitting is zero.
The discussion carried out so far, starting from Eq. 4.9 treats a purely electronic problem and
interactions with phonons are neglected. The following considerations are based upon calcu-
lations by Spano, who used a Holstein Hamiltonian that treats excitonic interactions between
different molecules as well as exciton-phonon interactions [70].
According to Kasha’s rule, excitons relax very fast towards the band bottom that is located at
the boundary of the Brillouin zone for H-aggregates. Due to momentum conversion reasons,
emission towards the ground state from this point must be assisted by a phonon, meaning the
0-0 transition is forbidden. Especially at low temperatures this transition should not be visible
in the emission spectrum; it can however be partially allowed due to disorder effects or become
thermally activated while all other phonon-sidebands are nearly temperature-independent.
The temperature-dependent photoluminescence (PL) lineshape of an H-aggregate is therefore
expexted to follow
IPL(E ,T )∝ e−g
2 ·
[
α(T )Γ (E −E0)+
n∑
m=1
g 2m
m!
Γ (E − (E0−m~Ω))
]
(4.18)
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Figure 4.4 | Schematic band structures of J-aggregates (left) and H-aggregates (right). The pho-
tophysical cycle is also illustrated. In both cases absorption takes place at k = 0 from the vi-
brationless ground state. While for J-aggregates emission also happens at the center of the
Brillouin zone (after relaxation towards the lowest vibrational state), for H-aggregates a fast
intraband relaxation towards k = pi is predicted. Due to momentum conservation, an emis-
sion towards the zero-phonon state (0-0 emission) is not possible. Furthermore, this picture
implies two fundamental differences that are usually observed: J-aggregates show a redshifted
absorption and emission with a very small Stokes-shift while the spectra are blueshifted with
a significant Stokes-shift for H-aggregates.
where E denotes the emitted photon energy, E0 is the 0-0 emission energy and ~Ω the vibra-
tional quantum. Γ is a lineshape function, usually a gaussian peak can be assumed as a good
approximation. The temperature dependency is introduced via the prefactorα and affects only
the 0-0 transition. The actual temperature dependency of α is usually not trivial since it de-
pends not only on the exciton bandwith, but also on aggregate order via the exciton coherence
length and the exciton correlation length. A comprehensive discussion on these parameters is
given in reference [89] and an example how this model can successfully describe experimental
data for the polymeric semiconductor P3HT is demonstrated in reference [90].
J-aggregates show a fundamentally different behavior. The redshifted spectra are usually strong-
ly dominated by the 0-0 transition and characterized by a rather small Stokes-shift since there
are no necessary non-radiative energy losses between absorption and emission. With decreas-
ing temperature usually several effects are observed: The 0-0 transitions become narrower and
more intense, which is referred to as superradiance. As an example, calculated temperature-
dependent emission spectra fo J- and H-aggregates, respectively, are displayed in Fig. 4.5.
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Figure 4.5 | Temperature dependencies of the emission lineshapes of J-aggregates and H-
aggregates, respectively. Especially at low temperatures the unique features of different aggre-
gations get obvious: For H-aggregates, the highest energy transition (0-0 transition) is com-
pletely suppressed while for J-aggregates it gets strongly dominant (superradiant). The higher
vibronic sidebands are rarely influenced by temperature. Spectra were calculated for aggre-
gates of 20 chromophores with an extended Frenkel exciton model. The model parameters
used are: exciton bandwidth of W = 4|J | =λ2ω0, exciton-phonon coupling constantλ2 = 1 and
phonon energyω0 = 170meV. Adapted with permission from [70]. Copyright (2010) American
Chemical Society.
4.2.2 Limitations of the Frenkel exciton model
Finally, it should be noted that the point dipole approximation introduced by Eq. 4.16 provides
a good qualitative understanding, but in many cases yields only a crude estimation for the in-
teraction strength between nearest neighbors. Usually, higher multipole contributions or even
the atom-wise Coulomb interaction between two molecules (transition charge approach) need
to be taken into account to derive accurate interaction strengths [91–93]. As an example, from
the point dipole approximation according to Eq. 4.17, the interaction strength for PTCDI-C8
molecules can be estimated assuming p = 6.8 D [94], r12 = 3.58 Å and γ = 67° [95]. The result of
0.33 eV is highly overestimated. One reason is that Eq. 4.16 does not account for the dielectric
environment in a solid. Assuming a value of ²≈ 3, J becomes approximately 0.11 eV. Nonethe-
less, two things need to be mentioned: The dielectric screening for nearest-neighbour interac-
tions is significantly smaller than the bulk value, which means the value of 0.11 eV can only be a
lower estimate. Still, the resulting exciton bandwith of W = 4|J | = 0.44 eV would be much larger
than reported values for similar systems like 121 meV for PTCDA [92] or up to 120 meV for the
polymeric semiconductor P3HT [96].
Furthermore, if there is sufficient overlap between the electronic wavefunctions of neighbour-
ing molecules, one carrier constituting a Frenkel exciton can move to a different molecular site,
which results in the formation of a charge transfer exciton or vice versa. In some materials
like Me-PTCDI, charge-transfer integrals of about 50 meV or more are assumed, making charge
transfer processes likely. A description of this intermixing of Frenkel and CT excitons can be
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treated by the introduction of additional terms to Eq. 4.9:
H NNMerri =HF+HCT+HF−CT (4.19)
with
HCT = ²CT
∑
n,f
c†n,fcn,f (4.20)
and
HF−CT =
∑
n
{
te
(
a†ncn,+1+a†ncn,−1
)
+ th
(
a†ncn+1,−1+a†ncn−1,+1
)
+h.c.
}
(4.21)
Eq. 4.19 describes Hoffman’s version of the nearest neigbour Merrifield Hamiltonian [86]. HF
corresponds to Eq. 4.9. HCT is the Hamiltonian of a charge transfer exciton with energy ²CT cre-
ated at the site n by c†n,f with an electron on the molecule n+ f . The lowest charge transfer ex-
citon that is spread over nearest neighbors corresponds to f =±1. HF−CT introduces electron-
or hole-transfer events that lead to a mixing between Frenkel and CT excitons. te and th denote
the electron or hole transfer integrals, respectively. The first term describes electron transfer
processes from a CT exciton towards the molecule where the hole is located. The second term
describes hole transfers from a CT exciton towards the molecule where the electron is located.
In both cases a Frenkel exciton is created. The Hermitian conjugates describe the reverse pro-
cesses: the creation of charge transfer excitons by electron or hole transfer from a Frenkel ex-
citon. HF−CT is the reason that the eigenstates of the complete Merrified Hamiltonian are not
pure Frenkel or CT states, but usually mixed states of both excitations. As a consequence, the
excitonic band structure is no longer only defined by the Frenkel exciton transfer integral J , but
also by the corresponding charge transfer integrals te and th as well as the energetic difference
between CT and Frenkel states, D = ²CT−²F.
However, to completely describe a real system, the Merrifield Hamiltonian might still not be
sufficient as it does not include exciton-phonon interactions. For an accurate description of
stacks with high wavefunction overlap between different molecules, a mixed Holstein/Merri-
field Hamiltonian can be applied that includes exciton-phonon- as well as Frenkel-CT-interac-
tions. A detailed discussion can be found in reference [86]. One of the results deduced there
is that at the bottom of the exciton band at k = pi, the main contribution comes from Frenkel
excitons, if the transfer integrals for electrons and holes are similar. Since emission is expected
to happen from this position in momentum space, the lineshape for emission is still expected
to follow the results from a pure Frenkel-exciton Holstein Hamiltonian given in Eq. 4.18.
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As a last remark, it should be noted that all discussions carried out here considered a one-
dimensional chain of molecules. For the N,N’-dialkyl PTCDIs discussed in this thesis, this is
a very reasonable assumption (cf. Sect. 3.1). However, many organic molecules condense in
more complicated structures, resulting in different interaction strengths along different crystal
directions. In the case of two translationally inequivalent molecules per unit cell, an excitonic
band splits in two individual bands which is referred to as Davydov splitting. A comprehensive
discussion of this effect can be found in Davydovs famous work "Theory of molecular exci-
tons" [97]. The materials investigated here condense in one-dimensional stacks and as a con-
sequence Davydov splitting ist expected to be non-existent or only very weak and therefore not
observable in the experiments.
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Electrical Properties
Many research groups are focussing on charge transport through organic materials as a key
topic towards fully understanding and improving organic (opto)electronic devices. Efficient
charge transport is essential for basically all imaginable devices.
In organic light emitting diodes (OLEDs), the electrons and holes injected by the electrodes
need to travel through several transport layers until they will finally meet and radiatively re-
combine in the emission zone. In photovoltaic cells, the whole process is reversed: The charges
created within the active layer need to be collected as efficiently as possible, therefore certain
demands on charge transport have to be fulfilled.
In contrast to the vertically stacked devices mentioned before with a total thickness on the or-
der of magnitude of 100 nm, the limitations due to poor charge transport properties become
even more significant for devices that work in a lateral geometry. The most prominent exam-
ples for this class of devices are organic thin film transistors (OTFTs), where device dimensions
are limited by the processes used for structuring of the electrodes1 to at least several microns.
One of the questions addressed in this thesis is related to the impact of growth behavior (and
thereby structural quality) of polycrystalline organic semiconductors on electrical performance
in OTFTs. Therefore, Sect. 5.1 will give a brief overview on charge transport in these materials
followed by a discussion of the fundamental processes occuring in OTFT devices in Sect. 5.2.
1Two common methods are deposition in vacuum through a shadow mask or lithography.
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5.1 Charge transport in organic molecular solids
The question how charge transport in organic materials should be described theoretically is
still under debate as for example discussed by Stallinga in reference [98]. On the one hand the
large variety of materials and on the other hand several different ways of processing these ma-
terials (e.g. vacuum-based, solution-based) result in a wide span of different packing motifs,
e.g. amorphous, isotropic crystalline, anisotropic crystalline, polycrystalline or even polymor-
phic. Consequently, conductivity also varies over many orders of magnitude, even if one only
considers materials with similar molecular properties, e.g. similar HOMO-LUMO gaps. This
wide range of electrical properties led to different views in the description of charge-transport
properties; the most intuitive and so far most successful ones will be briefly discussed in this
section.
Basically, there are two different fundamental approaches in describing the macroscopically
observable properties like a voltage-induced current in a solid. On the one hand, one can try
to start at intermolecular interactions in terms of a tight-binding model where charge transfer
is introduced as a small perturbation to monomolecular states leading to so-called hopping
transport as will be discussed in Sect. 5.1.1. On the other hand, especially for crystalline sys-
tems it seems intuitive to adapt existing models from inorganic materials like band-transport
through delocalized states to molecular crystals. When extended by the possibility of charge
trapping in localized states, many phenomena observed experimentally can be understood
within the multiple trapping and release (MTR) model as shown in Sect. 5.1.2
Despite the fact that both descriptions of charge transport start from very different assump-
tions, they result in similar mathematical descriptions which makes it experimentally chal-
lenging to distinguish between them. As will be shown in the next sections, the charge car-
rier mobility that can easily be extracted from transport measurements will usually have an
Arrhenius-like dependency on temperature.
However, measurements that are more sensitive to the true nature of charge transport like Hall-
effect investigations are very hard to perform on most organic materials due to their intrinsic
high resistivity. In some cases the lack of a Hall signal for organic thin films is considered as ev-
idence for hopping transport: In this transport regime no delocalized charges exist. This makes
it impossible to define a drift velocity of the charges and as a consequence in a magnetic field no
Lorentz force can occur which is necessary for the observation of a Hall voltage. However, few
cases are published where small Hall voltages are measured, but the Hall mobility evaluated
from the data exhibits an anomalous sign [99]. Similar observations are documented for disor-
dered inorganic materials like hydrogenated amorphous silicon or amorphous chalcogenides.
In these materials, the sign anomaly is assumed to originate from polaronic effects or quantum
interference effects [100, 101].
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Nonetheless, during the last years some successful Hall-effect studies were published. A clear
Hall signal with the correct sign together with a band-like temperature dependency of the mo-
bility, µ∝ T−n that is caused by phonon scattering, is observed for certain systems like single
crystals or at high charge carrier densities in polycrystalline thin films. These measurements
are understood as strong indicators for true band-transport in highly ordered organic mate-
rials [102–104]. As a consequence, the physically relevant model for structurally well-ordered
thin films might be multiple trapping and release, since it starts from the assumption of band
transport. Nonetheless, for more disordered systems, hopping is in many cases the dominating
method of charge transport.
5.1.1 Hopping transport
In hopping transport, charge transfer events between two individual molecules are considered
first. Afterwards, consideration of many individual hopping events in a random walk model
leads to a description for macroscopic charge transport as well.
As discussed in reference [75], one can get the following expression for the electron-transfer rate
kET between two molecules from Marcus theory for electron transfer:
kET = 2pi~ |Vmn|
2
√
1
4pikBTλ
exp
(
− (∆G0+λ)
2
4λkBT
)
. (5.1)
Here, λ corresponds to the reorganization energy upon electron transfer and Vmn is the transfer
integral between the molecules m and n. ∆G0 denotes the difference in Gibbs free energy dur-
ing the reaction and can be associated with the energetical difference between the transport
levels of the molecules involved in the charge transfer process. This process basically describes
a redox reaction where one molecule gets oxidized and the other one gets reduced. The de-
pendency on Vmn is important, meaning a sufficient overlap of the electrons’ wavefunctions is
necessary, as well as the dependency on λ that accounts for structural reorganizations of the
molecules upon charge transfer (intramolecular electron-phonon coupling) as well as inter-
molecular phonon interactions. Especially this dependency on λ is neglected in other models
like Miller-Abrahams hopping that only account for energetical as well as spatial separation of
the molecules involved in the charge transfer process.
Using the dependency of the random walk diffusion constant D that depends on the inter-
molecular distance a
D = a2 ·kET (5.2)
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and the Einstein-relation
µ= eD
kBT
(5.3)
an Arrhenius-like temperature dependency with EA = (∆G0+λ)
2
4λ for the mobility in the hopping
transport model is obtained. In absence of energetic disorder, the relation ∆G0 = 0 holds for
solids that are composed of one specific molecule and as a result EA = λ4 .
Since the quantity λ determines the activation energy, its properties will be briefly summarized
in the following:
¦ A charge-transfer process involves two molecules, therefore the total reorganization en-
ergy is written as a sum of two components: λreorg = λ1+λ2. Before the charge transfer,
the donor is in a charged state and the acceptor in a neutral state. Upon charge transfer,
the donor relaxes towards the optimal geometry of the neutral state (with reorganization
energy λ1) and the acceptor towards the optimal geometry of the charged state (with
reorganization energy λ2). For some molecules of high symmetry, neutral and charged
state have very similar optimal geometries, therefore λ1 and λ2 are very similar, as well.
A prominent example are the linear acenes as discussed in reference [75].
¦ λ1 and λ2 can be described as the sum over all normal modes participating in the re-
laxation process weighted by the corresponding Huang-Rhys factors: λ1/2 =∑
i
Si~ωi (cf.
Sect. 4.1).
¦ If the total reorganization energy is larger than the electronic bandwidth, the formation
of a localized polaron with binding energy EPol = 12λreorg is favored. Charge transport
takes place by hopping events of these polarons.
However, for many molecules the last assumption does not hold. Most experimental as well as
theoretical data published so far suggests that in many crystalline organic solids, bandwidths
are significantly larger than reorganization energies. A brief summary of these parameters for
some important molecules is given in Tab. 5.1.
However, some careful considerations are necessary when using the values listed in Tab. 5.1:
¦ Experimental determination of reorganization energies can be carried out by gas-phase
UPS. This method provides the reorganization energy of one molecule. Therefore, the
total reorganization energy for charge transfer that is listed in the table is calculated as
twice the experimental value under the assumption that λ1 ≈λ2.
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Table 5.1 |Compilation of transport parameters for some important molecules. Abbreviations:
VB - valence band, CB - conduction band, UPS - ultraviolet photoemission spectroscopy, DFT
- density functional theory, INDO - intermediate neglect of differential overlap.
Molecule λ / meV Bandwidth W / meV Charge Method Source
Pentacene 108 – h+ UPS [76]
Pentacene 107 – h+ UPS [105]
Pentacene 97 ·· 132 – h+ DFT [105]
Pentacene – 190 (RT) ·· 240 (120 K) h+ UPS [106]
Pentacene – 330 (140 K)∗ h+ UPS [107]
Pentacene – 608 h+ INDO [108]
Pentacene – 588 e− INDO [108]
Rubrene – 250 h+ UPS [109]
Rubrene – 400 h+ UPS [110]
Rubrene 159 340 h+ DFT [111]
Rubrene 159 160 e− DFT [111]
PTCDI-C5 272 636 e− DFT [112]
PTCDI-C5 163 577 h+ DFT [112]
different PTCDIs 87 ·· 467 up to 939 h+ DFT [113]
different PTCDIs 250 ·· 346 up to 649 e− DFT [113]
∗ In reference [107], the experimental data is deconvoluted into two HOMO subbands. The
value listed here corresponds to the band of strongest dispersion. The total HOMO bandwidth
is given as W ≈ 460meV.
¦ It is also possible to determine reorganization energies from optical spectra (cf. Sect. 4.1).
However, interactions with solvents may have an impact on the results and the same
limitations as for the determination by UPS apply.
¦ Since band structures are usually anisotropic, determination of bandwidths along differ-
ent crystal directions leads to different results. Furthermore, the bands of organic mol-
cules may consist of several subbands. The reported bandwidth also depends on the fact
if all subbands are treated as one broad band or if a specific subband is investigated.
¦ For some molecules, band structures are found to be temperature-dependent (see refer-
ence [106]).
Nonetheless, the values listed in Tab. 5.1 suggest that the thermally activated transport ob-
served in many organic materials is not due to an intrinsic polaron hopping transport mech-
anism, but rather introduced by external factors like structural defects or chemical impurities.
This implies that the intrinsic transport of these materials is more probably a band-like trans-
port as discussed in the following subsection.
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5.1.2 Band transport and MTR
Especially in well-ordered systems one might neglect energetic and spatial disorder and as-
sume sufficient overlap between the wavefunctions of the transport levels. In this case charge
transport can be modeled using continuous electronic bands. Starting from the defect-free
crystal, the introduction of certain localized states that limit the amount of free charges in the
solid, can be a suitable description for defects, eventually resulting in the so-called multiple
trapping and release (MTR) model.
For an electron in the conduction band as well as for a hole in the valence band, an external
electrical field ~E will induce a drift with velocity ~vD of the charge according to
~vD =µ ·~E (5.4)
where the mobility µ is linked to the charge q , the characteristic scattering time τ and the ef-
fective mass m∗ via
µ= qτ
m∗
. (5.5)
In a more accurate description, the mobility should be treated as a tensorial quantity since
the effective mass that is given by the second derivative of the band dispersion along certain
directions in reciprocal space is for most systems anisotropic:
m∗ij = ~2
(
d 2E(k)
dkidkj
)−1
. (5.6)
If one now has a look at realistic band structures for molecular crystals, e.g. as presented for
single crystalline rubrene in reference [109], two facts become obvious:
¦ Due to the narrow bands of less than 1 eV bandwith, the values of
(
d 2E(k)
dkidkj
)
are also very
limited, meaning the upper limit of the mobility is intrinsically lower compared to well-
conducting inorganic solids.
¦ Due to the anisotropic shape of many organic molecules (e.g. elongated, planar mol-
ecules), it is easy to imagine that the wavefunction overlap between two molecules is
strongly anisotropic along certain crystal directions. This is reflected in the band struc-
ture as well as in macroscopic transport parameters: Most crystalline organic materials
possess one primary charge transport direction, examples can be found in references
[114, 115].
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The introduction of trap-states with an energetic position ET as well as a density NT com-
pared to the corresponding transport band energy EC and occupation density NC directly af-
fects charge carrier mobility. Therefore one has to assume that the macroscopic mobility is
determined by the ratio of free carriers to the total amount of carriers:
µ=µ0 NC
NC+NT
≈µo NC
NT
, (5.7)
where µ0 denotes the trap-free mobility that would be observed if all carriers were free. The
approximation NCNC+NT ≈
NC
NT
is true only for sufficiently large amounts of trapped charges, but
for organic thin films this is usually assumed to be reasonable [116]. The densities of free and
trapped carriers, NC and NT are usually assumed to follow a Boltzmann statistic [112], mean-
ing
NT =N0,T exp
(−(ET−EF)
kBT
)
(5.8)
and
NC =N0,C exp
(−(EC−EF)
kBT
)
, (5.9)
where N0,C and N0,T denote the total density of states at the conduction band edge and in the
trap-level, respectively and EF corresponds to the Fermi energy.
Since the active material in an OTFT is capacitively coupled to the gate-dielectric, transport in
an OTFT is supposed to occur only in a very thin, confined region (the lowest few molecular
layers), often the substitution of absolute carrier numbers NC and NT by area densities σC and
σT in Eq. 5.7 is carried out.
Integration over the corresponding densities of states for trapped and free charges is discussed
in more detail in reference [116]. Eventually, it leads to a thermally activated mobility as well:
µ=µ0σC
σT
=µ0αexp
(−EB
kBT
)
, (5.10)
where EB = EC −ET denotes the energetic depth of the trap state and α is a proportionality
factor that depends on the absolute number of states in conduction band and trap state.
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5.2 Organic thin film transistors
Organic field effect transistors (OFETs) are devices that can be conveniently prepared or as
Stallinga writes, "Just smack your active material on top of a pre-structured FET substrate of
gate, insulator, and drain-source electrodes and you’re off" [98]. Nonetheless, lots of important
information can be gained from studies on OTFTs.
The easy fabrication method is also of importance for the underlying experiments of this thesis:
A vacuum chamber for deposition of organic semiconductors was modified to allow the in-situ
real-time observation of transistor performance during the active-layer growth. This allows to
study the direct influence of growth mode on charge-carrier transport.
To build the necessary fundament for discussion of the measured data, in the following sections
the working principles of OTFTs will be discussed.
5.2.1 Working principle and possible geometries
An OTFT is a so-called three-terminal device, meaning there are three external electrical con-
tacts, source, drain and gate. As the names suggest, the electrical current flows between source
and drain, while the function of the gate is to switch the device between two distinct states: in
the off-state the current between source and drain should be as low as possible (zero in an ideal
device) while in the on-state a significant, measurable current should be able to flow.
In many ways, an OTFT behaves similar to a MOSFET (metal-oxide semiconductor field effect
transistor). Whenever possible, existing models for MOSFETs are applied to OTFTs as well.
Gate Electrode
Gate Dielectric
Organic Semiconductor
Source Drain
Gate Electrode
Gate Dielectric
Organic Semiconductor
Source Drain
TC/BG BC/BG
Figure 5.1 | Two different OTFT geometries: Top-contact/bottom-gate (TC/BG) and bottom-
contact/bottom-gate (BC/BG). In both cases the organic semiconductor is grown on the gate-
dielectric which results in well-defined interfaces. In terms of electric field distribution across
the channel, contact resistance and undisturbed growth of the organic semiconductor, the
TC/BG geometry is assumed to be more favorable [117, 118]. However, for the experiments
conducted for this thesis, the BC/BG geometry is necessary.
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Fig. 5.3 shows the two most important device designs. The main differences are the order of
processing of the different elements. The geometry used in this thesis is the bottom-contact
bottom-gate geometry, meaning that the organic semiconductor is the material processed last.
The substrates used for this geometry consist of the gate-electrode as well as the insulating
gate-dielectric. On top of this dielectric layer, the source and drain electrodes are also already
processed before the active material is deposited. The choice of this geometry becomes ob-
vious if one keeps in mind that for in-situ and real-time investigation of transport properties
during growth all necessary terminals need to exist before the organic layer is deposited.
However, it has some drawbacks over top-contact devices. The most crucial ones are proba-
bly the inferior field distribution along the transistor channel and growth incompatibilities of
the organic material on dielectric and contact, see e.g. references [117, 118]. For these reasons,
contact resistances along the source and drain electrodes also have a higher impact on perfor-
mance, making an efficient energy alignment particularly important (see also Sect. 5.2.2).
Fig. 5.2 depicts different states of operation of an OTFT. In Fig. 5.2 (a), there are no external
voltages applied VG = VD = 0V, meaning the device is in its off-state (the source electrode is
grounded by convention). The organic layer acts as an insulator. If a voltage VG 6= 0V is applied,
the Fermi level of the contacts is shifted inside a molecular transport band and charges can
be accumulated at the dielectric-semiconductor interface (see Fig. 5.2 (b)); the device acts as a
capacitor. If furthermore a drain voltage VD 6= 0V is applied, the potentials of source and drain
get shifted with respect to each other and the accumulated charges can move from source to
drain, meaning the device is in the on-state now.
Mathematically, the corresponding processes can be described as follows. The amount of charges
q(x) accumulated in the capacitor-like gate-dielectric-organic semiconductor structure follows
the relationship
q(x)= n(x)ed =Cox · (VG−VT−V (x)), (5.11)
where we consider an n-type TFT with an electron density n(x) and thickness of the charge ac-
cumulation layer d 2. Furthermore, e denotes the elementary charge, VG the voltage applied at
the gate electrode, VT the threshold voltage that accounts for a certain offset in the gate voltage
required to accumulate charges, Cox the gate-capacitance and V (x) the potential drop along
the channel induced by an applied voltage at the drain electrode. The reasons for VT 6= 0 may
vary, the most common ones are an offset in energy between the Fermi level of the electrodes
2The calculations for p-type devices can be described in the same way by substituting the electron density n(x)
with the hole density p(x). Due to the different sign in carrier polarity, the signs of the corresponding voltages
change also.
47
Chapter 5: Electrical Properties
VD = 0
VG = 0
VD = 0
VG > 0
VD > 0
VG > 0
VG
VD
Source Drain
Source Drain
Source Drain
ID > 0
Source Drain
Gate
Source Drain
Gate
Source Drain
Gate
Dielectric
Dielectric
Dielectric
ID = 0
ID = 0
VG
HOMO
LUMO
+++
++
+
+
++
-
- - - - - - - -
+++
++
+
+
++
- - - - - - - -
-
-
- -
- -
- - +++
++
+
+
++
- - - - - - - -
- - - - -
- - - - -
- - - - - - - -
Figure 5.2 | Sketch of the impact of applied voltages on an OTFT device. With no applied
voltages, the device is in its off-state. No current is flowing. When a gate-voltage is applied,
the molecular orbitals shift with respect to the Fermi level of the metal source and drain con-
tacts. If the Fermi level is in resonance with the molecular levels, charges are accumulated
in the channel. Since there is no driving force for the charges to move in a certain direction,
no current is flowing in the device. If additionally a drain voltage is applied, the potential of
the drain electrode shifts with respect to the grounded source electrode. Charges can be in-
jected from the source electrode and move through the gate-induced conducting channel to
the drain electrode. A measurable drain current is flowing; the device is in the on-state now.
and the LUMO, trapped (immobile) charges in the channel that screen the external gate-field,
or excess mobile charges due to doping that may lead to negative values of VT.
By inserting the current density from Ohm’s law j =σE and the Drude conductivityσ=µn(x)e,
it follows:
j = µ
d
n(x)
dV
d x
. (5.12)
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Integration along the transistor channel (0< x < L) yields
j
L∫
0
d x = j L = µ
d
V (x)∫
V (0)
n(x)dV = µCox
d
VD∫
0
(VG−VT−V (x))dV (5.13)
and by substituting j = IDW d , where W is the channel width, the drain current can be expressed
as
ID = W
L
µCox
[
(VG−VT)VD−
V 2D
2
]
. (5.14)
Due to its linear dependency of ID on VG, equation Eq. 5.14 describes a transistor in its linear
regime. As long as VG−VT ÀVD, the impact of VD on the spatial distribution of carriers inside
the channel is negligible, meaning the channel is nearly homogeneously filled with charges. In
this case, usually the quadratic term in VD is neglected as its influence is small compared to the
first term; in this approximation the dependency of ID on the drain voltage VD follows also a
linear law.
For higher drain voltages or lower gate voltages, the assumption VG−VT ÀVD is no longer valid
until at the point where VG−VT = VD the channel is pinched off, meaning a depletion region
at the drain electrode will form upon further increasing the drain voltage. All carriers induced
inside the channel get immediately extracted and the current cannot be further increased by
an increased drain voltage. If one substitutes VD =VG−VT in Eq. 5.14, it reads:
ID = W
2L
µCox(VG−VT)2. (5.15)
Eq. 5.15 does no longer depend on VD and accounts for the saturated drain current as described
before. A transistor operating under such conditions is in its saturation regime.
A convenient method to extract the important device parameters from a simple OTFT mea-
surement is to record the drain current as a function of the gate voltage at a fixed drain bias.
This curve is called transfer characteristic. A linear fit to
p
ID vs. VG in the saturation regime
yields µ which is proportional to the square of the slope and VT which is given by the intercept
with the x-axis.
According to this description, an OTFT can either act as an n-type or a p-type device and the
type of charges accumulated and being transported is only affected by the sign of the gate volt-
age. For actual devices this is not true in most cases and only for few exceptions intrinsic am-
bipolar behavior is observed. A comprehensive review about ambipolar organic transistors is
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Figure 5.3 |Charge carrier distributions (red) under different operating conditions in an OTFT
channel. In the linear regime (VD ¿ VG−VT), the carrier distribution is homogeneous along
the channel. At VD = VG −VT the channel pinch-off occurs. This marks the transition point
towards the saturation regime.
given in reference [119]. There are two important reasons for the suppression of ambipolar
transport: contact limitations and strong, irreversible trapping of one carrier species.
The first point (contact limitations) is easily understandable given the fact that most organic
semiconductors used in OTFTs have bandgaps in the order of 2 eV or even slightly more. For
an acceptable charge injection from the source electrode, an energy offset between the work-
function of the electrode and the corresponding transport level should be as small as possible.
Minimizing this barrier for one type of carriers inevitably results in maximizing it for the other
type of carriers. The fact that gold with its high workfunction of 5.2 eV is one of the most widely
used electrode materials limits the injection of carriers to levels within the vicinity of this value.
For most aromatic materials the level in question can only be the HOMO. However, due to the
incorporation of strong electron withdrawing elements like perfluoration or the attachment of
imide- or cyano-groups, the molecular levels strongly shift to lower values. Therefore if electron
transport is reported, it is mainly observed in such materials and attributed to the low-lying
molecular orbitals.
5.2.2 Overcoming contact limitations with SAMs
As already mentioned before, injection barriers at the metal - organic interface may be a lim-
iting factor for device performance or even completely suppress charge injection if the energy
alignment is extremely poor. The LUMO for the n-type semiconducting PTCDIs studied in this
thesis is located at approximately 3.95 eV (cf. Sect. 2.2). Metals that exhibit a workfunction of
this order of magnitude like magnesium are usually highly reactive and therefore not suitable
as stable contacts. For inorganic semiconductors, contact barriers can be minimized by highly
doping the contact region of the semiconductor and thereby creating an ohmic contact; this is
in many cases not possible for organic electronics.
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An alternative approach that will be motivated here is the reduction of the effective work-
function of an environmentally stable noble metal by the application of a polar self-assembled
monolayer (SAM) that strongly chemisorbs on the metal surface.
In reference [120], it is shown that N,N-dialkyl dithiocarbamates (Cn-DTCs) are able to affix
the workfunction of noble metals upon selfassembly on the respective surfaces at approxi-
mately 3.4 eV as confirmed by ultraviolet photoemission spectroscopy (UPS). The reduction of
the workfunction can be explained by the superposition of two different contributions to a high
overall surface dipole moment. In the case for Cn-DTCs on gold surfaces these contributions
divide as follows:
¦ The chemical bond between the two sulfur atoms of the DTC-molecule and the metal
surface results in a charge-reorganization and thereby introduces a bond-dipole. This
contribution to the overall workfunction shift has a weak dependency on the packing
density and is in the order of 0.5 eV.
¦ The C··N bond of the DTC-molecules has a strong intrinsic dipole moment that further
supports the shift towards lower workfunctions as long as the molecules are standing in
an upright geometry on the surface. According to density functional theory calculations
(DFT), the influence of this component is strongly dependent on the packing density of
the molecules. From combined DFT and X-ray photoemission spectroscopy (XPS) stud-
ies, a high packing density of 2.5·1014 molecules/cm2 is deduced, leading to an effective
workfunction shift of additional 1.5 eV.
To summarize, Cn-DTCs are a favorable surface-treatment for noble metal contacts in order to
facilitate charge injection into the LUMO of PTCDI molecues. Therefore, the SAM-treatment
is used as a standard procedure during substrate preparation. The details on SAM-preparation
are described in Appx. B.
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Chapter 6
Results and Discussion I:
Photophysics of PTCDI Thin Films
As shown in Sect. 4.2, the excitonic processes in molecular aggregates strongly depend on the
orientation between interacting molecules within the solid. This has been investigated in sev-
eral studies on aggregated molecules in solutions [121–124] or on single crystalline solids [92,
125, 126]. There also exist publications that deal with excitonic interactions in thin films: many
of them use time-resolved, temperature-dependent or excitation-energy dependent photolu-
minescence studies in order to identify different types of excitonic interactions. A widely ad-
dressed issue is the interplay between Frenkel- and charge-transfer-excitons [127, 128], but
also other studies focussing on trap-states [129, 130] or exciton-electron interaction [131] can
be found.
Many organic solids show only one dominant radiative recombination pathway once a certain
measurement temperature is reached. For unsubstitued perylene and PTCDA, nearly exclu-
sively excimer emission is observed close to room temperature [92, 132]. For other perylene
derivatives, including N,N’-dialkyl PTCDIs, only one specific Frenkel exciton contributes to the
emission spectrum for temperatures higher than 100 K [133, 134].
As will be discussed in this chapter, this exciton is very sensitive to the structural properties of
the thin film: On the one hand, structural defects may give rise to a new defect-assisted emis-
sion band. On the other hand, the temperature dependency of this Frenkel-exciton is sensitive
to even small changes in the crystal structure of the film.
Within the first section of this chapter, measurements on different thin film samples produced
under varying deposition conditions will be discussed. This sample series is useful to develop
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a model that describes the emission lineshape of N,N’-dialkyl PTCDI thin films. Here, N,N’-
ditridecyl PTCDI (PTCDI-C13) is used as a prototype material.
Within the second section, it will be shown that the proposed model can be applied to thin films
of other N,N’-dialkyl-PTCDIs as well. The fact that the shape of the optical emission spectra
can be closely linked to the structural properties of the thin films furthermore allows to verify
the assumption that longer alkyl chains lead to better self-ordering properties of this class of
molecules within a solid.
6.1 Emission features of PTCDI-C13 thin films
First of all, the structural arrangement of the molecules within the thin films is investigated
in order to confirm that the films grow as expected. This allows to make first assumptions
about the nature of excitonic interactions. For that reason, surface morphology as well as crys-
tal structure will be investigated by means of atomic force microscopy (AFM) as well as X-ray
diffraction (XRD) before the optical spectra will be discussed.
6.1.1 Structure and morphology
All samples discussed within this section consist of 50 nm thin films of PTCDI-C13 grown at
a rate of 0.2 Å/s on top of the native oxide of polished single crystalline silicon substrates. The
most convenient way is to deposit the organic material on substrates held at room temperature.
Under these conditions very thin films of up to approximately 10 nm (about 4 monolayers)
show a tendency to grow in a layer-by-layer fashion1, but for thicker films a change in growth
mode towards a grainy surface is observed [135].
The alkyl chains of the molecules under investigation are supposed to increase their diffusivity
on the substrate and support an efficient ordering within the solid state. Both properties are
further enhanced by adding thermal energy to the system, e.g. by heating the substrates during
deposition. Several studies show that the structurally best films for N,N’-dialkyl PTCDIs can be
obtained by holding the substrates between approximately 120 ◦C and 160 ◦C [136–138].
In order to explore the broadest possible range of experimentally accessible degrees of struc-
tural order within PTCDI-C13 thin films, three very different samples are presented:
¦ Sample 1 ("HT"): One sample of PTCDI-C13 grown on substrates kept at a temperature
of approximately 150 ◦C. The organic solid is supposed to grow mainly in a layer-by-layer
fashion and exhibit excellent structural order.
1The growth of the very first few monolayers will be investigated in Chap. 7.
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¦ Sample 2 ("RT"): One sample grown on room temperature substrates. For this sample no
strict layer-by-layer growth is expected. Nevertheless, the material should be polycrys-
talline.
¦ Sample 3 ("LT"): One sample grown on cooled substrates with liquid nitrogen to -180 ◦C.
There is no literature data available that describes samples grown under similar condi-
tions. However, one could expect that the organic thin film will grow very disordered,
possibly amorphous.
a |HT: TSub = 150 ◦C b | RT: TSub = room temperature
c | LT: TSub = -180 ◦C
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Figure 6.1 | a) - c): AFM scans of the three samples discussed in this section and d): corre-
sponding height profiles as indicated. All images show the morphology of PTCDI-C13 thin
films of 50 nm thickness. The sample shown in a) was grown on a heated substrate (150 ◦C),
the sample shown in b) on a substrate kept at room temperature and the sample shown in c)
on a liquid nitrogen cooled substrate (approx. -180 ◦C). Note the different lateral scale bar for
the sample depicted in a) and the different z-scale for this sample in d).
The AFM data shown in Fig. 6.1 provide clear evidence that the thin film growth of PTCDI-C13
follows the expected trend. The HT sample consists of large grains of several microns diameter.
Furthermore, the surface is very flat, exhibiting mainly monomolecular steps of about 2.5 nm
height (see Fig. 6.1a, Fig. 6.1d). This value coincides well with the crystallographic c-axis of
PTCDI-C13 [137], indicating a strong texture along this direction. However, it is noteworthy
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that also cracks of several monolayers depth are visible. These cracks most likely form during
the cooldown from the elevated temperature down to room temperature due to the different
coefficients of thermal expansion of the substrate and the organic thin film. Very slow and
careful cooling may help to minimize the formation of these cracks [112]. The RT sample ex-
hibits significantly smaller grains of approximately 100 nm up to 200 nm length. Monomolecu-
lar steps are no longer observable and the grains exhibit heights of up to 50 nm. This confirms
the assumption that a film of 50 nm thickness is too thick for complete layer-by-layer growth.
The LT sample shows a smoother surface than the RT sample and it seems to consist of even
smaller grains. This is expected due to the further reduction of the diffusivity of the individ-
ual molecules at low temperatures thereby suppressing the possibility for a molecule to find
the position of minimal energy.2 Here it is important to mention that the samples had to ther-
malize towards room temperature before they could be investigated ex-situ with the different
methods. This can be interpreted as a thermal post-annealing effect and the actual structure of
the thin film deposited on undercooled substrates without this annealing is probably even less
ordered than described here. In order to keep this undesired annealing time as short as pos-
sible, all measurements were performed as soon as possible after the samples reached room
temperature.
Since the surface morphologies shown in Fig. 6.1 can only give an idea about the actual struc-
tural properties of the samples, additional X-ray diffraction data are presented in Fig. 6.2. The
results from these measurements are in good agreement with the assumptions made on the
basis of the AFM images: Clearly, the sample deposited on the heated substrate exhibits very
high crystallinity and texture throughout the entire film. The main indicators for this statement
are two facts: Bragg reflections of the (00l)-family up to the 8th order are visible while no peaks
of other families can be observed. Furthermore, especially the (001) and the (002)-reflex show
very pronounced Laue-fringes. The spacing between individual maxima of the Laue-fringes
fits well with the expected film thickness, meaning the whole film thickness contributes to the
coherent scattering volume.
As expected, the sample grown at room temperature shows a lower degree of crystallinity. The
peak intensities of the bragg reflexes are lower than for the high temperature sample and only
the (00l)-peaks up to the 4th order are visible. The peaks are slightly shifted towards smaller
diffraction angles, resulting from larger lattice spacings. This indicates a less-perfect packing
of the molecules within the film. However, at least the (001)-reflex also shows Laue-fringes.
Nonetheless, these oscillations are much stronger damped than in the case of the high temper-
ature sample. This is attributed to the rougher surface of this sample. Finally, the diffractogram
corresponding to the low temperature sample shows no diffraction features at all, indicating an
amorphous structure of this sample.
2Lower substrate temperatures lead to higher supersaturation, cf Sect. 3.2.2.
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a | Complete diffractogram b | (001)-reflex
Figure 6.2 |X-ray diffraction data of PTCDI-C13 thin films deposited at different substrate tem-
peratures. With increasing substrate temperature, the crystalline order also improves and
Bragg reflexes up to the 8th order are observable for the sample grown at elevated tempera-
tures. The close-up of the (001)-reflex shows the pronounced Laue fringes that are only weakly
damped for the high temperature sample.
The combined observations from AFM and XRD show that PTCDI-C13 in general grows strongly
textured with the crystallographic c-axis in parallel to the substrate normal. These results are
well compatible with reported growth modes in literature [135, 137]. Elevated substrate tem-
peratures facilitate a highly oriented growth mode. Smaller grains, higher surface roughness
and lower intensity in the diffraction pattern are clear signs that the sample grown at room
temperature exhibits an imperfect growth with a higher defect density compared to the high
temperature sample. Finally, the sample grown on undercooled substrates shows no signs of
structural order at all. It consists of small grains and is supposed to be amorphous since no
Bragg reflexes are observed in the X-ray diffraction pattern. However, from the data shown here,
it cannot be excluded that the individual molecules within the solid may be oriented along a
preferred direction even for the LT sample.
For the case of the high temperature sample, the assumption of densely packed, nearly upright
standing, parallel oriented molecules is reasonable. Therefore, a good starting point when dis-
cussing optical spectra is the approximation of the quasi one-dimensional crystalline chain (cf.
Sect. 4.2). Since the transition dipole moment for the S1 transition is oriented along the long
molecular axis, the geometry in this case prescribes a behaviour like a H-aggregate. The room
temperature sample also shows significant texture along the c-axis, although due to the lower
overall crystallinity more structural defects are expected in the thin film. These defects may act
as non-radiative luminescence quenchers and thereby lower the overall photoluminescence
intensity [139, 140]. Furthermore, they may influence the shape of the optical spectra. As an
example, for the H-aggregating polymeric semiconductor P3HT, the absorption spectrum of
imperfect films can be modeled by a superposition of the aggregated material and the dissolved
material [96].
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The expectations for the emission properties of the LT sample are even harder to predict. Its
amorphous nature may have different impact on the spectral features: If intermolecular inter-
actions are very weak due to low overlap of neighbouring molecules’ wavefunctions, the optical
spectra should be dominated by the properties of the individual molecules. If on the other hand
there is still sufficient interaction between the molecules, there exist additional possibilities:
The quantum efficiency can be strongly decreased by non-radiative recombination pathways
that are enabled by structural defects. Furthermore, new defect-induced emission bands may
occur.
6.1.2 From the free molecule towards the solid state
Since all molecules investigated within this thesis carry the same perylene diimide backbone
and the chemical substitutions are placed only on the nitrogen atoms, little effect of the sub-
stituents on the free molecule’s optical properties is expected [141]. For that reason the UV/VIS
solution spectra are briefly discussed on the example of PTCDI-C13 as a representative for all
molecules.
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Figure 6.3 | Absorption spectrum of 0.4 mmol/l PTCDI-C13 dissolved in chlorobenzene. Also
shown is a series of gaussian peaks fitted to the data, representing the individual vibronic tran-
sitions. The intensities resemble a Poisson distribution according to Eq. 4.5.
Fig. 6.3 shows the spectral region of the S0-S1 transition in the absorption spectrum of
0.4 mmol/l PTCDI-C13 dissolved in chlorobenzene. This concentration is sufficiently low to ob-
serve the molecular properties without the influence of aggregation effects. The single vibronic
levels within this transition are clearly visible. Between the individual transitions, an equidis-
tant spacing of approx. 170 meV is observed. This is characteristic for most aromatic molecules,
since optical transitions couple strongly to a familiy of intramolecular C··C-vibrations within
this energy range [69–71].
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The location of the lowest transition at 2.35 eV as well as the Huang-Rhys factor of S≈ 0.8 com-
pare well with measurements of other perylene diimides. These results can be understood as
a confirmation of the assumption that substituents on the nitrogen atoms barely influence the
molecular spectra.
Fig. 6.4 shows absorption spectra for dissolved PTCDI-C13 with different concentrations.
Figure 6.4 |Absorption spectra of PTCDI-C13 dissolved in chlorobenzene with various concen-
trations. With increasing concentration, a new feature appears below the 0-0 transition. This is
attributed to the formation of aggregates within the solution. According to [124] the formation
of H-aggregates is assumed despite the redshift of the new feature. This can be understood as a
gas-to-crystal shift (or "solvated molecule to crystal shift"), cf. Fig. 4.3. Also shown is the spec-
trum of a thin film sample. In this spectrum, the new absorption band is nearly as intense as
the other transitions. Furthermore, the vibronic sidebands are no longer Poisson-distributed
which is attributed to a strong interference of Frenkel- and charge transfer excitons.
As expected, the absorption increases with increasing concentration, but also a new spectral
feature appears. Molecules within aggregates show a redshifted absorption due to their differ-
ent dielectric surrounding, the so-called gas-to-crystal shift (cf. Fig. 4.3). Therefore, the weak
absorption band slightly below 2.2 eV can be attributed to aggregated molecules within the
over-saturated solution. Here care has to be taken not to confuse gas-to-crystal shift and the
rise of a new absorption band due to J-aggregation, which should also be located at lower ener-
gies than the 0-0 absorption line. A comparison of the spectral features of H- and J-aggregating
PTCDI derivatives can be found in reference [124]. The data discussed there also suggest the
assignment of an H-aggregate.
In the case of the thin film this new absorption band is very pronounced and clearly distin-
guishable from the other vibronic transitions. While the spacing between the individual tran-
sitions remains at approximately 170 meV, their intensity ratios clearly differ from the Poisson-
distributed case of the solvated molecules. This effect is commonly observed in solid samples
of perylene derivatives and can be attributed to the interference of molecular Frenkel excitons
with intermolecular charge transfer excitons as discussed in Sect. 4.2.2. A comprehensive dis-
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cussion to quantify the amount of Frenkel-CT-mixing from the shape of absorption spectra for
the case of several perylene derivatives is given in reference [127].
Figure 6.5 | S0-S1 region of the absorption spectra of structurally different PTCDI-C13 thin
films. With increasing substrate temperature the individual absorption features get a little
more pronounced and the absorption around 2.6 eV slightly decreases. In general, there are
no significant spectral differences for structurally very different samples.
When comparing the absorption spectra of the three structurally different thin film samples
(see Fig. 6.5), no dramatic differences are observable. Quite the contrary is true, all three spec-
tra look nearly the same. This is surprising when keeping in mind that for polymeric semicon-
ductors there exist well-established models that are able to draw conclusions about structural
properties just from absorption spectra. For P3HT films processed from different solvents, sig-
nificant differences in the high-energy absorption can be attributed to different amounts of
well-aggregated material within the thin film. Furthermore, in the case of P3HT, the ratio be-
tween the 0-0 absorption line and the 0-1 line is widely accepted as an indicator for the degree
of order between neigbouring polymer chains [89, 142–144].
Despite the nearly identical absorption spectra, an investigation of the emission spectra of
these samples reveals dramatic differences between the three samples as shown in Fig. 6.6a:
First of all, the absolute photoluminescence intensities increase dramatically with increasing
structural order. This is attributed to a decreased PL quenching at structural defects which
leads to a higher quantum yield. Unfortunately, the measurement setup used does not allow
the determination of absolute values for the quantum yield3.
Since this work focusses on the spectral features, the spectra are also plotted for better com-
parison normalized to their maximum intensities in Fig. 6.6b. Here, fundamental differences
in the spectral shape of the three samples get obvious: While the emission maximum for the
high temperature sample is centered slightly below 2.0 eV, it is located at around 1.8 eV for the
3Furthermore, it must be noted that the entrance slit of the spectrometer was set to a width of 0.05 mm for the
150 ◦C sample and to 0.1 mm for both other samples. This means, under identical measurement conditions,
even higher intensities would be measured for the 150 ◦C sample.
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room temperature sample and at even lower energies of about 1.6 eV for the low temperature
sample. The reason for the different positions of the spectral maxima is however not a simple
shift of the whole spectrum, but it seems to be a difference in emission intensity of the different
vibronic subbands.
a | Spectra as measured b | Spectra normalized to maximum in-
tensity
Figure 6.6 | Emission spectra of structurally different PTCDI-C13 thin-films. The absolute
emission intensities shown in a) increase dramatically with structural order due to a higher
quantum yield for photoluminescence. The inset shows the integrated intensities against sub-
strate temperature. Since the entrance slit of the spectrometer was set to a smaller value dur-
ing measurement of the 150 ◦C sample, the intensities measured for this sample are even un-
derestimated. As illustrated by b), the relative intensities of the vibronic sidebands vary sig-
nificantly: With increasing structural order, the position of the emission maximum is shifted
towards higher energies.
In the following section, the spectral features of the different samples are investigated in more
detail: Their temperature dependencies are discussed and finally a model that correlates emis-
sion features with structural properties of PTCDI thin films will be introduced.
6.1.3 Temperature dependence of the emission spectra
Since existing models for the emission properties of molecular aggregates usually assume per-
fect structural order, this condition is most likely fulfilled by the sample produced at an elevated
substrate temperature. The emission spectra of this sample, normalized to the 0-1 transition,
are shown in Fig. 6.7 for measurement temperatures between 100 K and 300 K.
The spectra nicely resemble the expected trend for an H-aggregate. The higher vibronic side-
bands 0-1, 0-2 and 0-3 exhibit temperature-independent relative intensities and the 0-0 tran-
sition shows a thermally activated behaviour as described by Eq. 4.18. The temperature-inde-
pendent sidebands are nicely fitted by a sum of three gaussians with nearly identical parame-
ters for all temperatures. The 0-0 transition can also be fitted with a fourth gaussian. However
a temperature-dependent amplitude has to be assumed.
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Figure 6.7 | Temperature dependent emission spectra of a highly ordered PTCDI-C13 thin film,
normalized to the 0-1 band intensity. The 0-0 transition is clearly thermally activated while all
other sidebands have temperature-independent relative intensities. The behavior is expected
for an H-aggregate.
Table 6.1 | Fit parameters determined for H-emission from the high temperature sample mea-
sured at room temperature. From the ratio of the amplitudes of 0-1 and 0-2 transitions, a
Huang-Rhys factor of S ≈ 0.6 can be estimated.
Transition Position / eV Amplitude FWHM / meV
0-0 1.964 ± 0.001 1.255 ± 0.003 148 ± 1
0-1 1.800 ± 0.001 0.87 ± 0.02 138 ± 2
0-2 1.67 ± 0.01 0.26 ± 0.01 190 ± 10
0-3 1.52 ± 0.02 0.023 ± 0.003 220 ± 20
Taking a look at the corresponding spectra for the room temperature sample shown in Fig. 6.8,
at least some similarities to the high temperature sample can be found: The 0-0 emission is also
thermally activated. However, the relative intensities of the other vibronic bands are no longer
temperature-independent, which is not expected for an H-aggregate.
Fig. 6.9 shows the temperature-dependent photoluminescence data of the structurally disor-
dered sample grown on an undercooled substrate.
Even stronger deviations from the H-aggregate behaviour can be observed. The 0-0 transition
still shows a very weak thermal activation, but the low-energy part of the spectrum around the
0-2 transition is clearly dominant, especially for high measurement temperatures. A detailed
analysis of this sample will eventually lead to a model for the emission lineshape of all sam-
ples.
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Figure 6.8 | Temperature dependent emission spectra of an intermediately ordered PTCDI-
C13 thin film, normalized to the 0-1 band intensity. A thermal activation of the 0-0 transition
is observable, but the higher vibronic sidebands also show temperature dependencies.
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Figure 6.9 | Temperature dependent emission spectra of a disordered PTCDI-C13 thin film,
normalized to the 0-1 band intensity. The temperature dependency of the vibronic subbands
clearly differs from the expectations of an H-aggregate. Surprisingly the low-energy part of the
sample gets more and more dominant with increasing temperature.
The first step is to take one distinct spectrum at a given temperature. This spectrum is com-
pared to the corresponding spectrum of the well-aggregated sample. This allows to identify the
remaining part in the spectrum that is caused by H-aggregated fractions within the thin film.
The differences between these two spectra are assumed to originate from disordered fractions
of PTCDI-C13.
Fig. 6.10 illustrates this procedure: The spectral shape of the H-aggregate emission of the or-
dered sample is from here on denoted as H . In the first step (I), this H spectrum is fitted to
the high-energy side of the spectrum measured for the low temperature sample4. It should be
4For both spectra the measurement temperatures are identical, in the example shown Tmeas = 293K.
65
Chapter 6: Results and Discussion I:
Photophysics of PTCDI Thin Films
Figure 6.10 | Schematic of the fitting procedure used to seperate the contributions of H-
emission and X -emission in the spectra of the disordered samples. The example shown here
corresponds to the room temperature measurement of the disordered LT sample. Starting
point is the known H-aggregated progression deduced from the higly ordered HT sample. The
contribution of these known spectral features is subtracted and a second vibronic progression
is fitted to the residuals. The superposition of both contributions describes the whole spec-
trum.
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noted here, that the 0-0 transition is still fitted independent from the higher vibronic sidebands
since the intensity of this transition may also depend on structural order within the sample [71].
In the second step (II), the H contribution is subtracted from the spectrum of the disordered
sample. Subsequently, in the third step (III), a second vibronic progression is fitted to the resid-
uals. This progression will be labelled X in the following. Finally, the complete spectrum can
be described as a superposition of both contributions H and X .
Table 6.2 | Fit parameters determined for the X -emission from the LT sample measured at
room temperature.
Transition Position / eV Amplitude FWHM / meV
X0 1.615 ± 0.001 1.535 ± 0.005 200 ± 10
X1 1.435 ± 0.003 0.41 ± 0.01 180 ± 10
The process of dividing the emission spectrum into two components can now be carried out for
all measured spectra by fitting the following series of gaussian functions for the temperature-
dependent emission intensity IPL(T )
IPL(T )=α(T ) ·exp
(
E −E0p
2σ0
)2
+H(T ) ·
3∑
m=1
am exp
(
E −Emp
2σm
)2
+X (T ) ·
2∑
n=1
an exp
(
E −Enp
2σn
)2
(6.1)
to the data. In Eq. 6.1, E denotes the photon energy, E0 the energy of the 0-0 transition and Em
the energies of the H-aggregated 0-1, 0-2 and 0-3 transitions. En denotes the spectral positions
of the X -emission transitions. The correspondingσ0, σm andσn are the variances of the distri-
butions5. The parameters α, am and an are the amplitudes of the individual peaks6. H and X
represent the amplitudes of the complete progressions for H- and X -emission, respectively. All
values for am and an are fixed at the predetermined values in order to preserve the individual
characteristics of both progressions. A small energetic shift of up to 50 meV for each complete
progression is allowed7 to compensate for thermal shifts. Also, a variation of 20 % for all σm at
the same time was allowed, since peak broadening may also occur upon structural disorder or
thermal influences8.
According to Eq. 6.1, each spectrum can be described by the three temperature-dependent
5The variance is related to the full-width at half-maximum (FWHM) of the peaks via FWHM= 2p2ln(2)σ.
6The amplitudes am from Tab. 6.1 are normalized to the 0-1 transition and the amplitudes an from Tab. 6.2 to the
X0 transition.
7This means that all peaks of the H- and X -progression have to shift by the same amount. This way the distances
between the individual peaks remain fixed, preserving the characteristic shape of both progressions.
8The requirement that all σm have to vary by the same factor is a further restriction to preserve the individual
characteristics of the H-emission.
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parametersα, H and X . Especially the ratio of X -emission to H-emission XH is of interest, since
it is assumed to scale with structural order in the thin film.
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Figure 6.11 | Temperature dependency of the ratio between X - and H-emission for the three
samples discussed in this section. The high temperature sample shows no contributions of
X -emission while the room temperature and low temperature sample show an increasing
amount of X -emission with increasing measurement temperature.
When plotting the ratio of X-emission to H-emission for the three samples discussed so far
against the measurement temperature as depicted in Fig. 6.11, several points get obvious: The
data points do not align in horizontal lines, meaning that both emission types have different
temperature dependencies. Furthermore, if X-emission is observed, its contribution to the
overall emission increases monotonically with temperature. As a last point, with increasing
film disorder, the contribution of the X-emission increases as well. The reasons for these ob-
servations can be understood as follows: Since the X-emission is supposed to have a different
origin than the H-emission, the different temperature dependencies are not surprising. Since
the X -emission is only visible for samples that exhibit a certain degree of structural disorder, it
must be related to structural defects. In fact, a very similar behavior has been observed recently
for a terrylene derivative which shows an additional, redshifted emission band if grown at high
deposition rates causing more structural defects [145].
6.1.4 Summary: Relation between microstructure and luminescence
By comparison of structural data with the proposed emission scheme, the structural arrange-
ment of the molecules in the thin films can be imagined as shown in Fig. 6.12. The large ter-
races of monomolecular height of the highly ordered sample observed by AFM together with
the intense (00l)-reflexes in XRD suggest a nearly perfect ordering within crystalline layers.
Taking the strength of excitonic interaction along the different crystallographic orientations
into account, the assumption of quasi-one-dimensional molecular chains is justified. On the
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Complete film is well-aggregated:
Exclusively H-emission
a | High structural order (only H-
emission)
Well-aggregated:
H-emission
Structural defects:
X-emission and
non-radiative recombination
b | Low structural order (H- as well as X-
emission)
Figure 6.12 | Proposed molecular ordering for PTCDI-C13 molecules within thin films for two
different degrees of structural order.
other hand, with increasing structural disorder, a clear distinction between individual molecu-
lar layers might not always be possible. There are most likely dislocations and tilted molecules
present that can lead to a trapping of excitons at defect sites followed by the rise of a new emis-
sion band. A similar picture for molecular ordering is deduced in reference [146] for the struc-
turally similar PDIF8-CN2 molecules. As a final point, it needs to be noted a last time that
structural defects primarily act as photoluminescence quenchers leading to a decrease of pho-
toluminescence quantum yield as already indicated by Fig. 6.6. However, at least one type of
defects supports radiative recombination of excitons with a clear spectral signature.
6.2 The role of the alkyl chain
In this section the model proposed before is applied to several sets of additional samples. On
the one hand this will show that the differentiation of the emission spectra into two different
vibronic progressions belonging to well-aggregated as well as structurally defective grown ma-
terial is justified. On the other hand, a universal growth behaviour for N,N’-dialkyl PTCDIs is
identified and the commonly assumed trend that longer alkyl chains lead to better structural
ordering during growth or upon thermal treatments [137, 138] is verified.
The production of thin film samples at elevated substrate temperatures, as employed for the
high temperature sample discussed in the last section, needs special preparations: To avoid
cross-contamination with low melting-point materials, the sample heater as well as the sub-
strate holder used for deposition need to be carefully degassed prior to film deposition. This
usually takes several hours and can become a very time-consuming factor for large sample sets.
Furthermore, only one substrate temperature can be used in every deposition run.
To allow the investigation of larger sets of samples, the preparation procedure is different for
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the samples presented in this section: The deposition of the organic material is carried out
on substrates held at room temperature. Afterwards, the samples are post-annealed under a
continuous argon flow in a tube furnace. The heating rate employed is 5 K/min and the hold
time at the final temperature is 30 min. This method does not require additional preliminary
preparations. Furthermore, it reduces the number of deposition runs for each set of samples
from seven to two since always four samples can be prepared at the same time.
Nonetheless, literature data indicates that both methods should yield structurally similar films
[112, 135–138].
6.2.1 PTCDI-C13
The first sample series again uses PTCDI-C13 as the material for the thin films. Similar to the
discussion before, the structural properties are characterized by means of AFM and XRD. The
shape of the emission spectra is analyzed by fitting the two progressions determined within the
last section to each spectrum.
AFM scans of all post-annealed PTCDI-C13 samples are shown in Fig. 6.13. They reveal rather
rough surfaces with small grainy features for lower processing temperatures (e.g. the as-de-
posited sample and the sample annealed at 60 ◦C). With increasing temperature, the surface
gets flatter, high protrusions are no longer observable and the predominance of terraces with
monomolecular steps over small grains gets obvious. However for heating temperatures of
120 ◦C and more, cracks, that are at least several monolayers deep, evolve in the films. Most
probably they are formed during the cooldown to room temperature due to the different ther-
mal expansion coefficients of substrate and organic thin film that are supposed to differ by at
least one order of magnitude. In reference [147], the thermal expansion of thin films of the
structurally similar compound PTCDA is investigated. A value of 1.05·10−4 K−1 is deduced for
the direction perpendicular to the sample surface and a value of 5·10−5 K−1 for the in-plane
component is estimated. Both values are significantly larger than the values reported for sili-
con of approximately (3··4)·10−6 K−1 in the temperature range between 300 K and 500 K [148].
Furthermore, for samples heated to 180 ◦C and more, additional high surface features are ob-
served. These high protrusions might form during phase transitions between different poly-
morphic phases of the material, which are supposed to happen at higher temperatures. Similar
features have been reported for solvent-annealed pentacene films and attributed to a compen-
sation for a change in unit cell volume upon phase transitions [149].
Again, the trend observed in AFM is consistent with the results gained from X-ray diffraction
measurements which are shown in Fig. 6.14. The measured intensity for X-rays scattered at
the (00l)-planes of the thin film increases monotonically with every heating step up to 180 ◦C
and stays at this level for the sample heated to 210 ◦C. Also, a trend towards smaller lattice
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a | as deposited b | annealed at 60 ◦C
c | annealed at 90 ◦C d | annealed at 120 ◦C
e | annealed at 150 ◦C f | annealed at 180 ◦C
g | annealed at 210 ◦C
Figure 6.13 | AFM scans of PTCDI-C13 thin films annealed to different temperatures. Even
weak thermal treatments of 60 ◦C and 90 ◦C induce significant changes in film morphology to-
wards smoother surfaces compared to the as-prepared sample. Annealing to 120 ◦C and more
results in smooth surfaces that exhibit only steps of monomolecular height and terraces of mi-
crons in diameter. If heated to 180 ◦C and more, additional, elongated protrusions evolve on
the sample surface. Since their height is approximately 50 nm, the color-code does not cover
these protrusions. Films heated to 120 ◦C and more exhibit cracks that form during cooldown
to room temperature. Note the different scales for the individual images.
71
Chapter 6: Results and Discussion I:
Photophysics of PTCDI Thin Films
q
z
 / Å-1
0.2 0.22 0.24 0.26 0.28
In
te
ns
ity
 / 
cp
s
102
103
asdep
60 °C
90 °C
120 °C
150 °C
180 °C
210 °C
Figure 6.14 | 001-region of the X-ray diffractograms of thermally post-annealed PTCDI-C13
thin films. As expected, peak intensity increases by about one order of magnitude with in-
creasing annealing temperature. Furthermore, a shift towards smaller lattice spacings is re-
vealed. However, for samples heated to 180 ◦C and above, the value for the 001-axis shifts to
larger lattice spacings which is attributed to a phase transition between different polymorphs
of the crystalline material. The complete diffractograms as well as X-ray reflectrometry (XRR)
data can be found in Appx. D.
spacings along the c-axis can be seen, which indicates an improved crystalline ordering due
to structural relaxation. However, the two samples heated at the highest temperatures do no
longer follow this trend and show nearly identical diffraction patterns with an again increased
lattice spacing. This behaviour may be indicative for a phase transition of the material between
150 ◦C and 180 ◦C.
To further address this issue, Fig. 6.15 shows differential scanning calorimetry (DSC) traces of
pure PTCDI-C13 powder. The material in fact exhibits a phase transition with an onset temper-
ature of Ton ≈ 170 ◦C, a peak temperature of Tmax ≈ 175 ◦C and an enthalpy of transformation
of ∆H ≈ 19 J/g, corresponding to 148 meV/molecule. However, there exist additional features
at even lower temperatures that do not leave a remaining signature in the XRD data. A list of all
features observed between 50 ◦C and 275 ◦C is given in Tab. 6.3. In reference [150], the phase
behaviour of PTCDI-Cn for n = 7,12,18 is investigated. Assuming that PTCDI-C13 follows the
same trend as observed there, the different phases of PTCDI-C13 can be identified with three
crystalline phases K1 (below 90 ◦C), K2 (between 90 ◦C and 145 ◦C), K3 (above 145 ◦C and be-
low 180 ◦C) as well as two highly ordered liquid crystalline phases Sx,1 (above 180 ◦C and below
220 ◦C) and Sx,2 (above 220 ◦C). Also, the enthalpies of transformation given in [150] for PTCDI-
C12 are very similar to those measured here for PTCDI-C13, further underlining the similarity of
both materials and thereby supporting identical assignment for the observed phases.
To summarize, the combination of the AFM, XRD and DSC data helps to understand the phase
behavior of PTCDI-C13. During annealing up to 120 ◦C, the thermal energy provided to the
sample induces an improved crystalline ordering. The material undergoes two reversible phase
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a | Measured heating and cooling curves
of three consecutive DSC scans of PTCDI-
C13 powder
b | Third scan with indicated spline-
interpolant background (top) and without
background (bottom)
Figure 6.15 | DSC data of pure PTCDI-C13 powder. In a) the raw measurement data is pre-
sented. A spline-interpolant background was fitted to the featureless regions of the individual
scans. In b) the assumed background is shown for the third scan (top). In the bottom part, the
data without background is plotted and the individual features are labelled. For discussion of
these features see text.
transitions between three crystalline polymorphs K1, K2 and K3. When heated into the liquid
crystalline phases, the samples still exhibit a high order within single layers9. However, during
cooling, not all phase transitions are completely reversible. According to XRD, the lattice spac-
ing along the c-axis measured for these samples is increased by about 0.3 Å compared to the
samples annealed at 120 ◦C and 150 ◦C.
There exist different microscopic explanations for the observations made for the samples an-
nealed at more than 150 ◦C: One possibility might be a different degree of interdigitation of
the alkyl chains along the c-axis as discussed in [150] for PTCDI-C18. Nevertheless, since the
increase in lattice parameter of 0.3 Å is significantly smaller than the space required for one
methyl group, a more likely scenario is a change in molecular tilt angle with respect to the sub-
strate plane. Furthermore, for PTCDI-C8 it has been shown by X-ray diffraction experiments,
that the alkyl chains of the individual layers do not interdigitate [136]. This leaves room for
speculation if this process might be relevant for the PTCDI-C13 at all.
In the following, the implications for the emission properties of the different PTCDI-C13 thin
films will be discussed. While for the samples annealed up to 150 ◦C, a monotonic trend with
annealing temperature towards a defect-free H-aggregate emission is expected, the implica-
tions for the samples annealed to 180 ◦C and more depend on the underlying mechanism for
the increased lattice spacing. In the approximation of non-interacting, quasi one-dimensional
chains of chromophores, a change solely in the degree of interdigitation of the alkyl chains is
9This is referred to as a smectic phase.
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Table 6.3 | Enthalpies of transformation ∆H and peak temperatures Ton for PTCDI-C13 ex-
tracted from the DSC data shown in Fig. 6.15. Peak 3 actually consists of two peaks very close
to each other. The values listed for ∆H correspond to the area under both peaks and Tmax is
deduced from the higher peak.
Peak 1 Peak 2 Peak 3 Peak 4
∆H Tmax ∆H Tmax ∆H Tmax ∆H Tmax
Cycle J/g ◦C J/g ◦C J/g ◦C J/g ◦C
Heat 1 16.8 93 17.8 147 19.0 179 1.3 220
Cool 1 12.5 81 29.2 140 – – – –
Heat 2 12.9 87 14.9 145 18.6 175 1.2 220
Cool 2 9.2 78 31.7 137 – – – –
Heat 3 8.8 84 11.0 145 18.6 173 1.6 220
Cool 3 6.5 78 25.8 135 – – – –
not expected to have any impact on optical properties. But if the tilt angle of the aromatic
backbone is changed, the intermolecular coupling strength J is supposed to change, too (cf.
Eq. 4.17). As a consequence of a different interaction strength, the spectral shape of the emis-
sion profile should also differ for these samples.
Figure 6.16 | Temperature dependency of the fraction of X -emission in the emission spectra
for the seven PTCDI-C13 samples discussed in this section. The contribution of X -emission
decreases monotonically with increasing annealing temperature until it disappears at an an-
nealing temperature of 150 ◦C.
Fig. 6.16 shows the fraction of X -emission for the post-annealed PTCDI-C13 samples as calcu-
lated from PL spectra. Again, the spectra of all samples were fitted using the same two pro-
gressions as deduced from the samples deposited on heated and cooled substrates. In anal-
ogy to these samples, the observed trend is well in line with the structural properties of the
corresponding thin films. With increasing structural perfection, the amount of X -emission
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monotonically decreases. For all samples heated to 150 ◦C and more, only H-emission is ob-
servable.
Interestingly, the samples annealed to 180 ◦C and 210 ◦C can also be nicely fitted by a nearly
perfect H-aggregate behavior with the same positions of the individual emission lines and the
same Huang-Rhys factor of the vibronic sidebands. Nevertheless, a closer look at the individual
spectra and the parameters fitted reveals distinct differences.
Figure 6.17 | Emission spectra measured at room temperature normalized to 0-1 line for all
post-annealed PTCDI-C13 samples. Several features are indicated: The decreased amount of
X -emission with increasing annealing temperature as discussed before. The increase in 0-0
emission line strength with increasing annealing temperature. The samples annealed to 180 ◦C
and 210 ◦C do no longer follow the observed trend. These samples are the only two that were
heated into the liquid crystalline state of the material and do also exhibit slightly different
structural properties (cf. Fig. 6.14)
In Fig. 6.17, one emission spectrum measured at room temperature for every sample is pre-
sented. The spectra are normalized to the intensity of the 0-1 emission line at approximately
1.78 eV. Additionally to the phenomenon of decreasing contributions from the X -emission, a
clear trend of an increasing line strength for the 0-0 emission line is evident up to an annealing
temperature of 150 ◦C.
The samples annealed to 180 ◦C and 210 ◦C into the liquid crystalline phase still show identi-
cal sideband emission as the other defect-poor samples. However, the trend of increasing 0-0
emission intensity with increasing annealing temperature does no longer hold for these sam-
ples. Both samples show an identical emission spectrum with a decreased contribution of the
0-0 line as compared to the samples heated to temperatures between 90 ◦C and 150 ◦C. The
identical spectra are well in line with the identical results from XRD and AFM measurements
on these samples. The decreased 0-0 emission can be interpreted as an indicator for a different
arrangement of the aromatic cores of the molecules within the thin films: As discussed before,
the most likely reasons for the increased c-axis of the unit cell of these samples can be either
attributed to a different degree of alkyl chain interdigitation or to a different tilt angle of the
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molecules with respect to the substrate plane. The PL measurements indirectly support the
second mechanism: For well-aggregated solids the 0-0 transition is the only transition that acts
sensitive to the arrangement of interacting molecules (cf. Sect. 4.2).
To conclude, the emission properties of PTCDI-C13 thin films depend very sensibly on the film’s
structural characteristics:
¦ Generally, PTCDI-C13 thin films form H-aggregates, meaning the emission via the 0-0
transition located at approximately 1.95 eV is forbidden and only sideband emission from
the 0-1 and higher vibronic components is expected. However, the 0-0 transition is only
efficiently suppressed at low temperatures.
¦ For samples without sufficient thermal treatment during or after deposition, the mol-
ecules are not able to form well-aggregated individual layers within the thin film. These
films, exhibiting non-perfect structural order, show a second, redshifted emission band.
The intensity of this emission band in relation to the total intensity monotonically de-
creases with increasing film perfection.
¦ Samples heated to 180 ◦C and more undergo a phase transition into a liquid crystalline
phase. During cooling, this phase transition is not perfectly reversible, resulting in a dif-
ferent lattice spacing of the 00l-planes. These samples show a different intensity of the
0-0 emission. This can be understood as an indicator for a different tilt angle of the indi-
vidual chromophores within the thin film.
Since the excellent assembly into highly crystalline layers of PTCDI-C13 is strongly favoured
by the long alkyl chains attached to the aromatic backbone, the impact of these chains will be
investigated in more detail within the following subsections. Therefore, similar sample series
to the one discussed here will be presented for PTCDI-C8 and PTCDI-C5 thin films.
6.2.2 PTCDI-C8
The alkyl chains of PTCDI-C8 differ by five CH2 groups compared to PTCDI-C13. Nonetheless,
it also shows very good self-ordering properties in thin films [136]. Similar to PTCDI-C13, it
exhibits very pronounced self-ordering properties into well-separated monolayers of molecu-
lar height when processed at slightly elevated temperatures [136]. For that reason, the order-
ing of the molecules within these layers is supposed to be similar to the case of PTCDI-C13.
This means, the emission model proposed before is expected to be applicable for PTCDI-C8 as
well.
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This subsection will in most aspects follow the discussion carried out for PTCDI-C13 in the
previous section. A set of seven samples, one as-deposited and additional six that were post-
annealed to 60 ◦C, 90 ◦C, 120 ◦C, 150 ◦C, 180 ◦C and 210 ◦C, respectively, will be discussed in the
following.
Fig. 6.18 shows the surface morphologies of all seven samples. The grainy surface obtained
upon growth on room temperature substrates does not change significantly after annealing to
60 ◦C and the sample annealed to 90 ◦C still exhibits a similar appearance. However, the indi-
vidual, large elevations visible on the non-heated sample’s surface seem to disappear more
and more until only very few of them are still existent on the 90 ◦C sample. For the sam-
ple annealed at 90 ◦C, several distinct heights dominate the surface morphology and after an-
nealing to 120 ◦C, the surface exclusively consists of three to four layers with mostly steps of
monomolecular height. With further increasing annealing temperature, the ordering of the
molecules into crystalline layers is even more promoted and after annealing at 180 ◦C the sur-
face consists of large terraces of several hundred nanometers in diameter. If annealed to 210 ◦C,
the lateral extension of the individual terraces even extends to microns. However, a certain de-
gree of overgrowth of some terraces over others seems to have taken place, as can be seen from
the appearance of different colors within individual terraces in the corresponding AFM micro-
graph. This change in morphology is supposed to be linked to a phase transition of the mate-
rial, which will be further investigated by means of X-ray diffraction and differential scanning
calorimetry.
A look at the X-ray diffraction data (Fig. 6.19) confirms a similar trend as observed in AFM: Upon
annealing up to 180 ◦C, a monotonic increase in peak intensity of the 001-reflex is observed.
Furthermore, the Laue fringes around this peak get more pronounced and the peak position
slightly shifts towards smaller lattice spacings. Similar to the PTCDI-C13 samples exposed to
the highest annealing temperatures, the PTCDI-C8 sample annealed to 210 ◦C no longer follows
this trend: The lattice spacing is increased again and peak intensity is significantly decreased.
It can be assumed that this behaviour is linked to a phase transition and the decrease in peak
intensity might be an indicator that the phase at 210 ◦C is less ordered than the phase up to
180 ◦C.
In order to correlate these observations with the phase behaviour of PTCDI-C8, DSC measure-
ments were performed on this material as well.
The data presented in Fig. 6.20 reveals that PTCDI-C8 exhibits only one phase transition upon
heating with a peak temperature of 222 ◦C. A comparison with literature data for PTCDI-C7
[150] suggests that this transition is from a crystalline towards a liquid crystalline phase (la-
belled K1 and LC1 in [150]). In contrast to the highly ordered liquid crystalline phases Sx,1 and
Sx,2 observed for PTCDIs with longer alkyl chains, the phase LC1 does not necessarily exhibit a
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a | as deposited b | annealed at 60 ◦C
c | annealed at 90 ◦C d | annealed at 120 ◦C
e | annealed at 150 ◦C f | annealed at 180 ◦C
g | annealed at 210 ◦C
Figure 6.18 |AFM scans of PTCDI-C8 thin films annealed to different temperatures. Weak ther-
mal treatments of 60 ◦C do not significantly influence the surface morphology. At 90 ◦C, a trend
towards a smoother film surface can be seen. Annealing to 120 ◦C and higher temperatures re-
sults in smooth surfaces that exhibit mainly steps of monomolecular height. Furthermore, a
trend of increasing terrace size with increasing temperature is observed. If annealed to 210 ◦C,
it looks like the individual layers can grow over each other, leading to a changed surface mor-
phology.
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Figure 6.19 | 001-region of the X-ray diffractograms of thermally post-annealed PTCDI-C8 thin
films. As expected, the peak intensity increases with increasing annealing temperature. Fur-
thermore, a shift towards smaller lattice spacings is observed. However, for the highest anneal-
ing temperature (210 ◦C), the measured lattice spacing along the 001-axis shifts to larger values
accompanied by a significant decrease in peak intensity. This is possibly due to a phase tran-
sition of the crystalline material. The complete diffractograms as well as X-ray reflectrometry
(XRR) data can be found in Appx. D.
strict ordering of the molecules within well-separated layers10.
Although the peak temperature of the transition towards the liquid crystalline phase is 222 ◦C
and even the onset temperature of approximately 218 ◦C is slightly above the highest annealing
temperature of 210 ◦C, it has to be assumed that the deviating structural properties of the sam-
ple heated to 210 ◦C are closely linked to this phase transition. This conclusion can be drawn
from the combined observation of a phase transition towards a liquid crystalline phase, the
change in the X-ray diffraction pattern and the slightly different surface morphology. Further-
more, transition temperatures observed in DSC depend on the heating or cooling rates applied.
The heating rate applied for the measurements was 15 K/min, so it is very likely that under
isothermal annealing conditions the phase transition can take place at lower temperatures.
An additional indicator for the assumption that the thin film annealed to 210 ◦C underwent a
transition into a liquid crystalline phase is given by the optical microscopy image taken under
crossed polarizers shown in Fig. 6.21.
While the sample annealed to 180 ◦C has a homogeneous appearance, in the micrograph of the
210 ◦C sample, large areas with lateral extensions of hundreds of microns show the same color.
Similar shapes are usually observed for liquid crystalline materials where the molecules are all
oriented along one principal direction, but do not possess a strict positional order. A likely
explanation for the behavior observed for the 210 ◦C sample is that during cooldown towards
10Such a phase is referred to as nematic.
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a | Measured heating and cooling curves
of three consecutive DSC scans of PTCDI-
C8 powder
b | Third scan with indicated spline-
interpolant background (top) and without
background (bottom)
Figure 6.20 |DSC data of pure PTCDI-C8 powder. In a) the raw measurement data is presented.
A spline-interpolant background was fitted to the featureless regions of the individual scans.
In b) the assumed background is shown for the third scan (top). In the bottom part, the data
without background is plotted and the individual features are labelled.
a | Sample annealed to 180 °C b | Sample annealed to 210 °C
Figure 6.21 | Optical micrographs of post-annealed PTCDI-C8 thin-films taken through
crossed polarizers.
the solid, crystalline state most molecules keep their orientation as in the liquid crystalline
phase.
Fig. 6.22 shows the temperature dependence of the amount of X -emission within the photolu-
minescence spectra of the post-annealed PTCDI-C8 thin films. In analogy to the corresponding
PTCDI-C13 samples, the X -emission monotonically decreases with increasing annealing tem-
perature. However, an elevated temperature of 180 ◦C is necessary for complete vanishment of
X -emission compared to 120 ◦C for PTCDI-C13. The observation that higher temperatures are
needed to suppress the X -emission is well in line with the assumption that longer alkyl chains
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Figure 6.22 | Temperature dependency of the fraction of X -emission in the emission spectra
for the seven PTCDI-C8 samples discussed in this section. The contribution of X -emission
decreases monotonically with increasing annealing temperature until it disappears at an an-
nealing temperature of 180 ◦C.
are favorable for an improved self-assembly of the material into highly ordered solids.
Figure 6.23 | Emission spectra measured at room temperature normalized to 0-1 line for all
post-annealed PTCDI-C8 samples. Several features are indicated: The decreasing amount of
X -emission with increasing annealing temperature as discussed before and the increase in
0-0 emission line strength with increasing annealing temperature. The sample annealed to
210 ◦C does no longer follow the observed trend. This sample is the only one that was heated
into the liquid crystalline state of the material and does also exhibit slightly different structural
properties (cf. Fig. 6.19).
Fig. 6.23 shows spectra of all samples measured at room temperature (normalized to the 0-1
transition). The behavior observed here matches the expectations built upon the previous re-
sults: The decreasing amount of X -emission is once again very pronounced. Furthermore, the
0-0 emission gets more intense with increasing annealing temperature with the exception of
the sample that was heated into the liquid crystalline phase. However, for all samples the over-
all 0-0 emission intensity is very low compared to PTCDI-C13, which could be indicative for a
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different tilt angle of the molecules with respect to the substrate. However, different interpre-
tations of XRD data for N,N’-dialkyl PTCDIs exist. Some models assume alkyl chain interdigita-
tion, others larger tilt angles of the molecules. Unfortunately, no comprehensive set of crystal
structures that assumes an identical model for materials investigated here can be found. This
makes a definite link to a single crystallographic quantity like the tilt angle impossible.
To summarize the results for PTCDI-C8, the following points are important:
¦ The material exhibits similar structural and morphological properties as PTCDI-C13. This
is accompanied by similar optical properties, underlined by the fact that the emission of
both materials can be fitted by the same model employing identical parameters.
¦ Due to its shorter alkyl chains, the amount of thermal energy required to structurally
rearrange the molecules within the solid is higher compared to PTCDI-C13. This is again
validated by structural as well as optical investigations.
¦ PTCDI-C8 exhibits a significantly decreased 0-0 emission intensity compared to PTCDI-
C13. This can probably attributed to a different tilt angle of the molecules with respect to
the substrate plane.
¦ Like PTCDI-C13, PTCDI-C8 exhibits a liquid crystalline phase at high temperatures. How-
ever, the data presented here indicate that the liquid crystalline phase has a lower degree
of order for PTCDI-C8. Possibly, PTCDI-C8 exhibits a nematic phase while PTCDI-C13
exhibits a smectic phase.
6.2.3 PTCDI-C5
Although the alkyl chains present on this molecule are rather short, it has been shown in liter-
ature that thin films composed of PTCDI-C5 may still exhibit highly crystalline order and can
be grown in a layer-by-layer fashion [112]. However, the films are also prone to polymorphic
growth, meaning that two different crystal structures are able to grow within one thin film.
Similarly to the well-known case of polymorphic pentacene thin films, PTCDI-C5 may grow in
a bulk-like crystal structure, but may also exhibit a thin film phase with different cell parame-
ters.
In this section, two aspects will be discussed: First, investigations on the polymorphic behav-
ior of this material are carried out. Second, films exhibiting exclusively bulk structure will be
investigated in a similar manner as the films of PTCDI-C13 and PTCDI-C8 before.
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6.2.3.1 Polymorphism of PTCDI-C5
As discussed in references [112, 151], the occurence of only one or both polymorphs in the thin
films can be controlled by deposition of the material at different substrate temperatures. For el-
evated temperatures, only the bulk phase is expected, while for temperatures lower than 125 ◦C
a mixture of both phases might occur. Fig. 6.24 shows AFM and XRD data for two films: One
deposited at room temperature (RT) and one deposited on a substrate held at 150 ◦C during de-
position. The surface morphologies indicate a similar behavior as for PTCDI-C13 (cf. Fig. 6.1),
although the height profile for the heated sample suggests a lower film perfection. The XRD
data clearly show the occurence of two phases for the high temperature sample. This seems
counterintuitive at first when compared to the results published in references [112, 151]. How-
ever, the experimental conditions used here differ slightly from the published ones: The depo-
sition rate of 0.2 Å/s was about one order of magnitude higher. In both references [112, 151],
two different substrates were used for film growth: a hydrophilic SiO2 substrate as well as a
hydrophobic polymer modified [112] or a hydrophobic OTS monolayer coated [151] substrate,
respectively. However, both publications state that the resulting thin film structure is nearly
identical for both substrates, with exception of the growth of the very first monolayers. Un-
fortunately, in both publications the nature of the thin film phase is not investigated closer.
Chesterfield states, "The thin film phase may be a metastable growth-limited phase or a ther-
modynamically stable polymorph." [112]. Since the deposition rate influences nucleation and
film growth, the higher rate used for the samples presented here may be the reason for a differ-
ent dependency of film structure on deposition temperature. Furthermore, additional factors
like the purity of the sublimation material may also influence film growth.
Fig. 6.25 shows the optical spectra of both PTCDI-C5 films. While the room temperature sample
again shows a similar absorption spectrum compared to PTCDI-C13, the polymorphic sample
shows a clearly different shape. This can be seen as a confirmation that within the bulk struc-
ture the molecules arrange similar as in the case of longer alkyl chains. Within the thin film
structure, the different orientation of the molecules leads to a different overlap of the frontier
orbitals of neighbouring molecules. This is accompanied by a different strength of interfer-
ence between Frenkel- and charge transfer excitons, leading to the new shape of the absorp-
tion spectrum. However, it should be kept in mind that the high temperature sample consists
of both phases, so contributions of both phases are observed in the absorption spectrum.
Emission spectra of these samples as shown in Fig. 6.25b and Fig. 6.25c clearly show significant
differences for the emission, too. The room temperature sample shows a similar temperature
dependence as the poorly ordered samples for PTCDI-C8 and PTCDI-C13, but the polymorphic
sample cannot be described by the model proposed before for the other materials. It exhibits
a broad and only weakly structured emission that does not vary much with temperature. The
polymorphic nature suggests that the spectra consist of at least two different emission channels
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Figure 6.24 | a), b): AFM micrographs of two PTCDI-C5 thin film samples deposited at differ-
ent substrate temperatures. PTCDI-C5 appears to grow similar to PTCDI-C13 and PTCDI-C8:
At low substrate temperatures the surface consists of many small grains. At elevated temper-
atures, terraces with pronounced steps dominate the morphology. c): X-ray diffraction data
of PTCDI-C5 thin films deposited at different substrate temperatures. The sample deposited
at room temperature exhibits lower overall crystallinity, but only forms the bulk phase. The
occurence of (00l’)-reflexes in the diffractogram of the sample deposited on a heated substrate
indicates the presence of a thin film phase besides the bulk phase. d): Corresponding height
profiles extracted from a) and b) as indicated.
and possibly additional defect bands. The only weakly structured emission might be indicative
for a dominating excimer emission in the thin film structure. However, the fact that the mul-
tiple possible emission channels cannot be separated, makes it impossible to fit a physically
meaningful model to these spectra.
To summarize, if grown under the conditions used for the experiments on previously discussed
materials, PTCDI-C5 grows exclusively in the bulk phase. This makes it possible to conduct
investigations on a similar post-annealed sample series and study the influence of structural
order on the emission properties. If the PTCDI-C5 bulk phase is thermodynamically stable, no
transition towards the thin film structure upon thermal annealing is expected.
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b | PL, room temperature sample
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c | PL, 150 ◦C sample
Figure 6.25 | Optical spectra of PTCDI-C5 thin-films: a) S0-S1 region of the absorption spec-
tra of PTCDI-C5 thin-films deposited on substrates at room temperature and at a tempera-
ture of 150 ◦C. In contrast to PTCDI-C13 and PTCDI-C8, the spectra signicficantly differ from
each other: The overall absorption of the sample deposited on a heated substrate is signifi-
cantly lower and the different intensity ratios of the individual peaks indicate a different type
of Frenkel-CT-exciton mixing. For comparison, the spectrum of PTCDI-C13 is also given. The
spectral shape of the room temperature sample is similar to that of PTCDI-C13. b)-c) Tem-
perature dependent PL spectra of both samples. The spectral shape of the room temperature
sample again seems to contain contributions of H- and X -emission. The spectra of the high
temperature sample show no pronounced features and do not vary much with temperature,
which makes a meaningful interpretation impossible.
6.2.3.2 Emission properties of the bulk phase
In the following, a comparable set of samples to the samples discussed in Sect. 6.2.1 and
Sect. 6.2.2 will be investigated. At first, the structural properties will be discussed and after-
wards correlated to the results from photoluminescence experiments.
AFM images of post-annealed PTCDI-C5 thin films as shown in Fig. 6.26 only show small in-
fluences on surface morphology for low and moderate annealing temperatures. All samples
up to 120 ◦C very much look alike with only small differences between each other. Starting in
the range of 150 ◦C, the slightly elongated shape of the initial grains evolves towards a more
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flake-like structure at higher annealing temperatures. For the sample annealed to 210 ◦C, some
individual very flat areas of several hundred nanometers lateral dimensions can be observed
and the steps on the surface seem to belong to terraces of monomolecular height. Neverthe-
less, the surface of this sample exhibits inferior order compared to the most ordered samples of
PTCDI-C13 and PTCDI-C8, where very flat surfaces and exclusively terraces of monomolecular
height with extensions up to several microns were observed (cf. Fig. 6.13 and Fig. 6.18).
The XRD data presented in Fig. 6.27 show only contributions of the bulk phase of PTCDI-C5,
regardless of the annealing temperature. This further underlines that this phase is thermody-
namically stable and the thin film phase can only occur under certain growth conditions. The
increasing diffraction intensity, the slight shift towards smaller lattice spacings and the evolu-
tion of pronounced Laue fringes with increasing annealing temperature confirm an improved
crystalline ordering upon thermal treatment. In this case all samples follow the same trend
and there are no exceptions as for PTCDI-C8 and PTCDI-C13. As a result, no additional phase
transitions are expected for PTCDI-C5. This will be further investigated by means of a DSC
analysis.
While for the first DSC heating scan as shown in Fig. 6.28, two small peaks at 113 ◦C and 236 ◦C
occur, the subsequent cooling and heating scans show no signatures of phase transitions at all.
Possibly, the powder exists as-received in a polymorphic composition. After one heating cycle
above the second phase transition, all material is in the only thermodynamical stable phase and
no further phase transitions can be observed. It can be assumed that this phase corresponds to
the bulk phase of the material.
Finally, the information derived from the emission spectra shown in Fig. 6.29 does not reveal
any surprising effects: All samples exhibit a thermally activated contribution of X -emission in
their spectra, which is decreasing for increasing annealing temperature. The most significant
decrease is observed for annealing temperatures of 150 ◦C and more; within this region the
most significant changes are also observed in surface morphology as well as X-ray diffraction
patterns.
Compared to PTCDI-C8 and PTCDI-C13, it must be noted that even upon annealing to 210 ◦C,
a small contribution of X -emission remains. This is also in line with the less-perfect surface
morphology of the corresponding thin films.
To illustrate this behaviour, in Fig. 6.30 room temperature spectra of all samples are shown.
It should be noted that for PTCDI-C5 the 0-0 emission line strength does only very weakly in-
crease with annealing temperature compared to PTCDI-C8 and PTCDI-C13. Furthermore, the
overall amount of 0-0 emission is once again lower than for the other molecules. Nonetheless,
the similarities between the three materials are obvious, as well.
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a | as deposited b | annealed at 60 ◦C
c | annealed at 90 ◦C d | annealed at 120 ◦C
e | annealed at 150 ◦C f | annealed at 180 ◦C
g | annealed at 210 ◦C
Figure 6.26 | AFM scans of the PTCDI-C5 thin films annealed to different temperatures. Weak
thermal treatments of up to 90 ◦C do not significantly influence the surface morphology. Start-
ing at 120 ◦C, a trend towards a flake-like film surface can be seen which becomes more pro-
nounced with increasing temperature. Annealing to 210 ◦C and more results in a relatively
smooth surface. However, the surface properties are less uniform compared to PTCDI-C13
and PTCDI-C8 (see Fig. 6.13 and Fig. 6.18),
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Figure 6.27 | 001-region of the X-ray diffractograms of thermally post-annealed PTCDI-C5 thin
films. As expected, peak intensity increases with increasing annealing temperature. Further-
more, a shift towards smaller lattice spacings is revealed. For this material, all diffractograms
follow the same trend and no exceptions as for PTCDI-C8 or PTCDI-C13 are visible.The com-
plete diffractograms as well as X-ray reflectrometry (XRR) data can be found in Appx. D.
a | Measured heating and cooling curves
of three consecutive DSC scans of PTCDI-
C5 powder
b | First scan with indicated spline-
interpolant background (top) and without
background (bottom)
Figure 6.28 |DSC data of pure PTCDI-C5 powder. In a) the raw measurement data is presented.
A spline-interpolant background was fitted to the featureless regions of the individual scans.
In b) the assumed background is shown for the first scan (top). In the bottom part, the data
without background is plotted and the individual features are labelled. For discussion of these
features see text.
6.2.4 Summary: Comparison of all investigated materials
In this chapter, it has been shown that N,N’-dialkyl PTCDIs have a strong tendency to form
H-aggregates when deposited as thin films. The shape of the emission spectrum consists of a
thermally activated 0-0 transition together with a set of higher vibronic sidebands. The rela-
tive intensities do not vary with temperature which is expected for an H-aggregate. Although
all films exhibit nearly identical absorption spectra regardless of their structural quality, their
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Figure 6.29 | Temperature dependency of the fraction of X -emission in the emission spectra
for the seven PTCDI-C5 samples discussed in this section. The contribution of X -emission
decreases monotonically with increasing annealing temperature, but does not fully disappear
even after annealing up to 210 ◦C.
Figure 6.30 | Emission spectra measured at room temperature normalized to 0-1 line for all
post-annealed PTCDI-C5 samples. Several features are indicated: The decreased amount of
X -emission with increasing annealing temperature as discussed before. The increase in 0-0
emission line strength with increasing annealing temperature. This material is the only one
investigated where no samples exhibited phase transitions into liquid crystalline phases. For
that reason all samples follow the same trend.
emission spectra exhibit a high sensitivity to structural defects: If the films exhibit low struc-
tural order, a second characteristic emission band can be observed. This defect band is red-
shifted with respect to the vibronic progression of the well-aggregated material and exhibits
a different temperature dependency than the defect-free emission. It becomes more promi-
nent with increasing temperature, indicating a thermal activation of the emitting state. For a
given temperature, the ratio between intrinsic H-emission and the defect-assisted X -emission
can be used as an indicator for structural order within the film. As an example, in Fig. 6.31
this value measured at room temperature is plotted against the annealing temperature for all
materials investigated.
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Figure 6.31 | Ratio of X -emission to H-emission measured at room temperature against an-
nealing temperature for all samples discussed in this section. Higher temperatures lead to
a better suppression of X -emission due to structural improvements. Furthermore, the data
points exhibit similar trends for each material, but are shifted towards higher annealing tem-
peratures for shorter alkyl chains. This underlines the assumption that longer substituent alkyl
chains allow for an easier structural relaxation of the films upon annealing. The lines are drawn
as a guide to the eye.
This plot clearly shows that the amount of defect-emission can be significantly reduced by ther-
mal annealing, which is attributed to a structural rearrangement of the molecules. Further-
more, all materials follow a similar trend with respect to the annealing temperature. However,
there is a systematic shift of the data points between different materials. This shift underlines
the assumption that longer chains lead to an easier structural reorganization of the molecules
within the film.
As a second point, the decreasing 0-0 emission intensity even for well-aggregated samples
should be noted. One possible explanation can be given by consideration of the unit cell pa-
rameters: The difference in c-axis length divided through the difference in methyl groups in
the alkyl chains of the molecules is (4.1/6≈ 0.68) Å/Me-unit between PTCDI-C5 and PTCDI-C8.
Upon further increasing the alkyl chain length to thirteen methyl groups, the additional space
occupied in c-direction is even smaller, about (5.1/10 ≈ 0.51) Å/Me-unit. This is indicative for
an increasing tilt angle with increasing alkyl chain length. However, without a closer investi-
gation, e.g. by looking at X-ray reflexes that also contain in-plane information, no concluding
statement about the tilt angle can be made.
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Besides their versatile optical properties as discussed in Chap. 6, PTCDI derivatives are also
considered to belong to the most promising molecules to act as n-type semiconductors within
optoelectronic devices. Up to now, these molecules are mainly employed within organic field
effect transistors where they exhibit outstanding charge carrier mobilities of up to 2.1 cm2/Vs
[48, 112, 137]. Furthermore, the application of these molecules within organic inverters, or-
ganic solar cells and organic light emitting transistors (OLETs) has already been realized [24,
58, 152–154]. Especially in the last mentioned devices where certain optical properties like
strong absorption or emission within the visible spectral range are of interest, PTCDIs can have
clear advantages over many other common n-type materials like fullerenes or perfluorinated
pentacene, which often exhibit only weak absorption or emission in the visible.
For devices with lateral charge transport only very few molecular layers are expected to deter-
mine the transport properties [155, 156], meaning the first molecules deposited on the gate-
dielectric of an organic thin film transistor are crucial for device performance. To investi-
gate the evolution of charge transport in real time during film growth of the first monolay-
ers, a vacuum chamber for the deposition of organic thin films was modified to allow for such
measurements. The modifications included the mechanical adaptions like additional vacuum
feedthroughs, electrical insulation of the sample mount from the chamber walls and the design
of a new sample holder that allows electrical connections to pre-patterned OTFT substrates.
Furthermore, a dual-channel source measurement unit (SMU) that is able to record IV-curves
of three terminal devices was installed and a measurement software that is able to record elec-
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trical characteristics as well as film thickness and sample temperature was designed. Details of
the experimental setup and sample production can be found in Appx. B.
Compared to sample production and subsequent ex-situ electrical characterization as used for
previous studies [35, 120], this new combined setup does not only offer the possibility to inves-
tigate the evolution of charge transport during film growth, but also increases reproducibility
due to defined measurement conditions in a vacuum.
This chapter is divided into several sections: In Sect. 7.1 the data analysis will be discussed
for the case of one individual sample and the general correlations between thin film growth
of the first monolayers and charge transport are presented. Sect. 7.2 deals with the impact of
the substituent alkyl chain length on the nitrogen atoms of PTCDI on film growth and result-
ing transistor performance. Finally, in Sect. 7.3 the influence of substrate temperature on film
morphology as well electrical properties is investigated. Using the data of selected samples,
the charge carrier distribution in organic thin films proposed in reference [155] can be experi-
mentally confirmed. It should be noted at this point that most of the measurements presented
below were conducted by Bachelor students, Emily Hofmann, Andreas Hessler and Arthur Leis,
who were supervised during preparation of this thesis.
7.1 PTCDI-C13 as a prototype material
First of all it is necessary to define important terms. Whenever not explicitly stated otherwise,
the notations substrate coverage and film thickness refer to the amount of material of a perfectly
layer-by-layer grown thin film of the mentioned thickness. However, the actual film thickness
might differ from that value if the material does not grow in a strict layer-by-layer fashion.
To illustrate how the obtained data is processed and can be interpreted, this chapter uses mea-
surements on PTCDI-C13 which is assumed to exhibit predominant layer-by-layer growth. All
films discussed here are prepared under identical conditions employing a deposition rate of
0.05 Å/s and no additional heating of the subtrates. The monolayer thickness of PTCDI-C13 is
assumed to be 25.4 Å.
A representative set of raw electrical data acquired during the deposition of an organic thin film
of PTCDI-C13 on pre-patterned OTFT substrates is displayed in Fig. 7.1. Here, only the data
measured during deposition of the first monolayer is shown. The film thickness is color-coded
into the individual transfer curves. For film thicknesses lower than the percolation threshold,
only a flat line caused by the instrumental noise of the setup is measured. Once a closed path
is formed within the transistor channel between source and drain electrode, a gate-voltage de-
pendent drain-current can be measured. With increasing nominal film thickness, more and
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more paths close and are able to contribute to the drain current. For basically all film thick-
nesses, the voltage sweep from the off- towards the on-state and the sweep in the opposite
direction show nearly identical behavior, meaning the OTFT exhibits only an extremely weak
undesired hysteresis effect.
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Figure 7.1 | Transfer characteristics of a PTCDI-C13 OTFT measured during deposition of the
first monolayer of the semiconductor material. For low substrate coverages, no carriers can
move across the channel since source and drain electrode are not connected to each other
(blue curves). Once, a conductive path is formed, a typical transfer curve of an OTFT can be
measured (green curves). Afterwards, more and more paths close and contribute to charge
transport which results in increasing transistor performance (green to orange curves). The
fact that only little change is observed for the last (red) IV-curves is a first indicator that the
first monolayer provides the main contribution to charge transport. Every measurement is
carried out from the off- towards the on-state and subsequently in the opposite direction. Both
sweeps coincide very well, meaning the device exhibits nearly no undesired hysteresis effect.
To extract the charge carrier mobility and the threshold voltage of the OTFT, a fit in the satura-
tion regime according to Eq. 5.15 is performed to each curve. The results of this procedure for
the data depicted in Fig. 7.1 are displayed in Fig. 7.2.
Several conclusions can be drawn from this viewgraph: Of course, there is no data present at
the early beginning of film growth since for very low substrate coverages no meaningful drain-
current can be measured and therefore no transport parameters can be extracted. The perco-
lation threshold marks the point of critical substrate coverage where first conductive paths are
formed and is for this sample located at 12.5 Å or 50 % of one monolayer. Starting at this nomi-
nal film thickness, the mobility steeply increases up to approximately 0.06 cm2/Vs and reaches
a plateau around the nominal film thickness of one monolayer. With further material deposi-
tion a small increase of mobility is observed during deposition of the nominal second mono-
layer and for even thicker films basically no additional change in mobility can be observed. The
thickness dependency of the threshold voltage follows a very similar trend: Directly at the per-
colation threshold it exhibits its largest value of about 18 V, but decreases rapidly down to about
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Figure 7.2 |Charge carrier mobility as well as threshold voltage against nominal film thickness
as determined from the transfer curves depicted in Fig. 7.1. Once a conductive path is formed
in the transistor channel (percolation threshold), the mobility steeply increases and reaches a
plateau when the first monolayer is closed. A small further increase can be observed during
formation of the second monolayer and afterwards the mobility remains at a constant value
of approximately 0.06 cm2/Vs. The threshold voltage displays a similar dependency on film
thickness. In between the percolation threshold and the nominal film thickness of one mono-
layer it decreases rapidly from about 18 V to about 12 V. A small kink in the curve is observed
during formation of the second monolayer. The small increase for larger film thicknesses can
probably be attributed to bias stress effects - at the final film thickness of 90 Å, the device has
undergone more than 250 voltage sweeps.
12 V within deposition of the first monolayer. During deposition of the second monolayer a very
small kink can be observed and for thicker films a very weak, featureless, monotonous increase
takes place. This increase is most probably not directly linked to the fact that the active layer
thickness increases, but can be attributed to bias stress that is very common in organic thin
film transistors [157]. Considering that the device has been exposed to more than 250 off-on-
off cycles at the end of the deposition run, this shift in threshold voltage of about 0.5 V due to
bias stress is still remarkably low.
To summarize the observations from Fig. 7.1 and Fig. 7.2, the data confirms many expectations
stated before: The low percolation threshold slightly above 50 % of one monolayer as well as the
rapid saturation of mobility and threshold voltages during formations of the first monolayers
are indicative for a pronounced layer-by-layer growth. The absolute value for the mobility of
0.06 cm2/Vs is comparable to data from literature for PTCDI OTFTs produced at room temper-
ature of (0.03 ·· 0.07) cm2/Vs [138]. It is futhermore remarkable that these values are obtained
in the unfavorable bottom-contact geometry. Due to the DTC-modification of the contacts, a
good energetic match of contacts and semiconductor is obtained which is an important factor
for well-performing bottom-contact transistors (cf. Sect. 5.2.2 and reference [120]).
A commonly applied method to further analyze the evolution of charge transport with sub-
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strate coverage is to take a look at the derivative of the transport parameters with respect to the
nominal film thickness (substrate coverage) [146, 156]. Especially the derivative of the mobility
is supposed to be a representative measure for the density of free charge carriers as a function
of film thickness [156], but also the derivative of the threshold voltage resembles characteristic
features that can be linked to the growth scenario.
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Figure 7.3 |First derivatives of mobility (left) and threshold voltage (right) against nominal film
thickness as calculated from the data in Fig. 7.2. Since the raw data is noisy, a Savitzky-Golay
filter was applied to better illustrate features within the data. The derivative of the mobility
can be nicely modeled by two log-normal distributions centered at 16.2 Å and 39 Å. The sharp
feature in the derivative of the threshold voltage below 20 Å cannot be modeled meaningfully.
The peak at 35 Å indicates that the deposition of the second monolayer still has an impact on
charge transport. The small overall offset of 0.0047 V/Å is caused by the monotonic increase
shown in Fig. 7.2 and can probably be attributed to bias stress. All fits were performed to the
raw data; the filtered data is just for illustrative purpose.
A plot of the quantities dµ/dθ and dVT/dθ against substrate coverage θ (in units of nominal film
thickness) is displayed in Fig. 7.3. Since the original data does not vary much, the derivatives
contain significant noise. Therefore, the data was weakly filtered to better illustrate the un-
derlying shape of the curves by means of a Savitzky-Golay filter [158]: This type of filter ap-
proximates each data point by a polynominal regression to neighboring data points within a
given interval which does not smooth the data as intense as a simple moving average filter and
better preserves its original shape. Here, an interval of 5 data points and quadratic regression
was used. Furthermore, numerical peak fits were performed to the unfiltered data to quan-
tify the observed features. The assymetric peak shape is according to [156] assumed to be of a
log-normal distribution with parameters µ and σ, meaning
f (θ)=
0 θ ≤ 01
θσ
p
2pi
exp
(
− (lnθ−µ)
2
2σ2
)
θ > 0
(7.1)
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where the mean m value is given by
m = exp(µ+σ2/2) . (7.2)
The derivative of the mobility can nicely be modelled by two log-normals, one centered at θ1 =
(16.5± 0.3) Å and a second, smaller one at θ2 =(39± 3) Å. An evaluation of the peak areas yields
a contribution of 92 % to the 1st and 8 % to the second peak. Given the assumption that PTCDI-
C13 grows in a layer-by-layer fashion, this means that about 90 % of the mobile charges are
accumulated within the first monolayer. The remaining charges are accumulated in the second
monolayer and all other layers do not contribute to charge transport at all.
The derivative of the threshold voltage is also well in line with the expectations. The first, very
sharp feature between the percolation threshold and closure of the first monolayer cannot be
modelled by a physically meaningful function, but obviously it indicates a significant change in
transport properties: The formation of first conduction paths and the closing of the first mono-
layer. A small feature can be fitted by a single gaussian at a surface coverage of (35± 3) Å, which
is caused by the kink in the lower curve in Fig. 7.2. This feature perfectly coincides with the
second peak in the derivative of the mobility and demonstrates that the additional charges that
can be accumulated in the second monolayer also influence the threshold voltage. Finally, the
small but constant offset of 0.0047 V/Å present in the data is indicative for the aforementioned
threshold voltage shift due to bias stress that is caused by the persistent electrical cycling of
the device. Although the threshold voltage was discussed here as an example, for the following
samples a qualitative analysis will be carried out only on the basis of the charge carrier mobil-
ity. The main reason for this decision is that the mobility can be reasonably modeled also in the
very interesting region of the deposition of the first monolayer and the shape of the threshold
voltage in most cases does not provide additional information.
Fig. 7.4 shows AFM micrographs of PTCDI-C13 samples deposited under the same conditions
as this sample used for electrical characterization with final thicknesses of approximately one
monolayer and four monolayers, respectively. Although PTCDI-C13 seems not to grow perfectly
layer-by-layer, it gets obvious that this is the dominating growth mode for very thin films: In a),
nearly 90 % of the substrate are covered by material of one monolayer height. However, in some
small areas the substrate is still visible and some protrusions indicating nucleation of the next
layer exist as well. The micrograph b) demonstrates that the layer-by-layer growth scenario is
still present after several monolayers have grown. Nevertheless, several features with heights
of more than a single monolayer indicate a beginning transition towards an island-like growth
mode that has been observed for thicker films (cf. Fig. 6.1).
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a | Approximately one monolayer
thickness (28 Å)
b | Approximately 4 monolayers thick-
ness (100 Å)
Figure 7.4 | AFM micrographs of PTCDI-C13 thin films with different thicknesses grown under
the same conditions as the samples used for electrical characterization. A general tendency
towards layer-by-layer growth is observed. However, subsequent layers already nucleate while
the previous ones close and the high protrusions shown in b) can be considered as first indi-
cations for a transition towards island growth.
7.2 The role of the alkyl chain
In the previous section, the molecule PTCDI-C13 was used to demonstrate how the growth of
the first layer of a material that nicely wets the substrate can be tracked by measuring electrical
characteristics during growth. Based on the results from Chap. 6 where molecular organiza-
tion within the bulk was discussed in dependency of the length of the substituent alkyl chain,
one could ask the question if these alkyl chains also affect the growth of the first layers of ma-
terial. This issue will be addressed in the following by investigating molecules with different
alkyl chains attached to the nitrogen atoms. Obviously, the shorter alkyl chains also lead to a
decreased monolayer thickness. For PTCDI-C8 this value amounts to 20.3 Å.
7.2.1 PTCDI-C8
Fig. 7.5 shows the TFT parameters determined for a PTCDI-C8 thin film. The overall shape of
the individual curves as well as the absolute values are very similar as in the case of the PTCDI-
C13 sample discussed before: The percolation threshold is located at 12.4 Å or about 60 % of one
monolayer and the mobility reaches a maximum value of 0.06 cm2/Vs. The threshold voltages
are about 10 V higher than for PTCDI-C13, but still exhibit reasonable values. The derivative of
the mobility again suggests that charge transport basically happens in the first layer since it can
be reasonably fitted by one single log-normal distribution. Here, no additional contributions at
larger substrate coverages can be observed, which is a small difference compared to PTCDI-C13.
Considering the significant noise in the data and the fact that the second peak for PTCDI-C13
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Figure 7.5 |Transport parameters of PTCDI-C8 determined during growth of the first monolay-
ers. Similar to PTCDI-C13 (see Fig. 7.2), a low percolation threshold of 60 % of one monolayer
and a mobility of 0.06 cm2/Vs are obtained. The threshold voltage also follows a similar trend,
but the absolute values are shifted by about 10 V. The derivative of the mobility can be rea-
sonably fitted assuming one single log-normal distribution. In contrast to the corresponding
PTCDI-C13 sample, no second peak can be observed.
is also hardly above the noise level, this should not be understood as a significant difference
between both materials. Nonetheless, to summarize one can say that in general these results
more or less resemble those obtained for PTCDI-C13, suggesting a similar growth mode, too.
These observations are not too surprising since PTCDI-C8 and PTCDI-C13 are both widely used
for research on thin film growth and lead to similar results [135, 136].
a | Approximately one monolayer
thickness (19 Å)
b | Approximately 3 monolayers thick-
ness (68 Å)
Figure 7.6 | AFM micrographs of PTCDI-C8 thin films grown under the same conditions as
the samples used for electrical characterization. A similar growth scenario as in the case of
PTCDI-C13 is observed: The first monolayers grow clearly in a layer-by-layer fashion.
The corresponding AFM micrographs depicted in Fig. 7.6 further underline this assumption:
In comparison to PTCDI-C13, it looks like the first monolayer of PTCDI-C8 is completely closed
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when the first islands of the second layer form. Also for three monolayers thickness, no indi-
cations for a change in growth mode are evident, but in general the evolution of the surface
morphology follows a very similar trend as for PTCDI-C13.
To summarize, one could say that PTCDI-C8 as well as PTCDI-C13 both tend to grow layer-by-
layer for very thin films which is resembled in the small percolation threshold for electrical
transport and is further confirmed by the AFM investigations. However, one should keep in
mind that for thicker films the growth mode changes for both molecules towards a more grainy
growth (cf. Chap. 6).
7.2.2 PTCDI-C5
If molecules with even shorter alkyl chains are used as the active material for OTFTs, new ob-
servations can be made. Fig. 7.7 shows a representative data set for the evolution of charge
transport in PTCDI-C5. The initial behavior is again very similar to the molecules with longer
alkyl substitutions: The percolation threshold is at about 60 % of one monolayer thickness and
at the approximate thickness of one monolayer (16.2 Å), the mobility reaches a plateau with a
value of about 0.01 cm2/Vs. This value indicates the first substantial difference towards the pre-
viously investigated molecules since it is significantly lower. Nonetheless, the threshold voltage
of about 16 V is just in between the values obtained for PTCDI-C8 and PTCDI-C13. The most
crucial differences can however be observed for higher substrate coverages: Between the de-
position of the first and the third monolayer, the mobility further increases by about 50 % to
0.015 cm2/Vs. Within the same range, the threshold voltage exhibits a small, broad peak with
an amplitude of a little less than 1 V.
Accordingly, the derivative of the mobility shows two distinct peaks: The first peak, centered
at around 14.6 Å again denotes the closure of the first monolayer, but the nature of the second
peak at 33.1 Å is more ambiguous:
One reason for this behavior might be a strict layer-by-layer growth and the occurence of effi-
cient charge transport within the second layer as well. Since PTCDI-C5 is susceptible for poly-
morphism (see Fig. 6.24 and [151]), the monolayer thicknesses in Fig. 7.7 are indicated for both
possible structures, although according to Fig. 6.24 the material is supposed to grow in the bulk
structure under the growth conditions employed here. Obviously, the width of the individual
peaks are significantly broader than individual monolayers if the bulk structure is assumed, but
also even too broad if the thin film structure is assumed. Especially the second peak extends
up to the nominal thickness of about three monolayers.
Taking a look at the corresponding AFM images (Fig. 7.8), one could at first assume a similar
growth as for the other molecules investigated so far. At a coverage of a little more than one
monolayer, it is possible to see the second layer nucleating and for around three monolayers a
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Figure 7.7 | Transport parameters of PTCDI-C5 determined during growth of the first mono-
layers. The percolation threshold of 60 % of one monolayer is similar to the values obtained for
PTCDI-C8 and PTCDI-C13 and indicates a tendency for the first monolayer to completely wet
the substrate’s surface. However, the overall mobility is by about a factor of four lower than for
the molecules investigated before. Furthermore, for thicker films, the mobility and the thresh-
old voltage show pronounced additional features which is also resembled in a second peak in
Fig. 7.7b and indicates a different growth for this molecule. The indices (00l) correspond to the
bulk structure and the indices (00l’) correspond to the thin film structure.
similar surface morphology as for the other materials is obtained. However, at low coverages
the material seems not to grow perfectly homogeneous. This is manifested in the occurence of
small continuous areas in the second monolayer as well as a few higher protrusions. This mixed
growth mode may be related to the ability of PTCDI-C5 to nucleate in different structures which
is further investigated in the following.
For a closer investigation of the initial growth mode, the different areas in the AFM image of
a coverage of 20 Å are examined individually. This is done by applying different masks to the
AFM data: Mask 1 covers only the areas where the homogeneous growth mode with many small
islands of the second monolayer are visible. Mask 2 covers several areas where the larger islands
of the second monolayer are visible, but excludes the region of mask 1 as well as the areas with
higher protrusions since no meaningful information can be gained from these regions. Fig. 7.9
shows height distributions of the two different areas together with the two masks that were
applied. The results indicate a possible bimodal growth during the first monolayers since the
typical height differences are different for both masks. The first peak in both cases represents
the level of the first monolayer and the second peak the level of the second monolayer. The
distance between both peaks differs by about 2 Å which is also the difference in the c-axis lattice
parameter between both observed polymorphs in Fig. 6.24.
The hints for a bimodal growth may also give rise to a different explanation for the appearance
of two separated peaks in Fig. 7.7b: Since the small islands seem to grow within continuous
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a | Approximately 1.2 monolayers
thickness (20 Å)
b | Approximately 3 monolayers thick-
ness (54 Å)
Figure 7.8 | AFM micrographs of PTCDI-C5 thin films of different thicknesses grown under
the same conditions as the samples used for electrical characterization. (Note the different
scale bars.) Although the images exhibit similarities with the corresponding ones for PTCDI-
C8 and PTCDI-C13, important differences are discernible: Especially for low coverages of about
1.2 monolayers, the surface morphology does not appear homogeneous, but a mixed growth
mode can be assumed.
regions of the bulk structure, the second peak might indicate a successful connection of both
growth types towards one, continuously conductive film. However, the data presented here
cannot concludingly validate this assumption. Nevertheless, if this change in growth type can
be attributed to the short alkyl chains, the indicated trend should hold also for even shorter
alkyl substitutions.
7.2.3 PTCDI-C3
To further address the issue of even shorter alkyl chains, the last material investigated in this
section is PTCDI-C3. The tranport parameters determined for the corresponding thin films are
depicted in Fig. 7.10.
Here, the trend that was indicated for PTCDI-C5 is even more pronounced: Although the per-
colation threshold is still low with 80 % of one monolayer film thickness, the mobility increases
monotonically for several subsequently deposited monolayers and the threshold voltage falls
accordingly. Most features visible cannot be assigned to the growth of a specific monolayer
of material and the absolute value of the final mobility obtained is further reduced to about
0.007 cm2/Vs. The derivative of the mobility shows again two peaks, the second one being very
broad, extending up to approximately seven monolayers1. Also, the area under the second peak
1Maybe there can be one additional sharp peak identified close to the coverage of one monolayer. However, the
instrumental resolution does not allow to better resolve this specific area under comparable experimental con-
ditions which makes it impossible to further investigate this effect. Since it consists only of one, maybe two data
points, it is not possible to fit a physically meaningful function to these points.
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Figure 7.9 | Height distributions of the two different regions observable in the surface mor-
phology of a 20 Å thick PTCDI-C5 film. The masks depicted on the right hand were used for
creation of this plot. A difference in height steps of about 2 Å can be observed. This value also
represents the difference in c-axis of both possible polymorphs of PTCDI-C5.
contains about 84 % of the total area of the curve and is significantly larger than the area un-
der the first peak that contains the remaining 16 %. This indicates that the most important
transport paths form not until the growth of several monolayers is completed. Again, the AFM
micrographs help to correlate these data to a specific growth phenomenon (see Fig. 7.11):
While a certain amount of material seems to wet the substrate in a continuous layer, several
large islands of multiple monolayers height form that are clearly separated from the wetting
carpet (Fig. 7.11a and Fig. 7.11b). A similar behavior has been described in literature for PTCDA
on NaCl in [159]. For thicker films, the islands and the carpet grow more and more together
(Fig. 7.11c) until finally for thicker films a homogeneous, grainy surface morphology is ob-
tained (Fig. 7.11d). This growth mode explains the evolution of transport parameters in the
following way: At the percolation threshold the wetting carpet forms first closed paths between
source and drain and allows for a current to flow. With increasing film thickness, more and
more islands get connected to each other, so they can contribute to charge transport, too. At
a thickness of around seven monolayers, all islands are finally connected to each other and no
further improvement can be obtained.
7.2.4 Summary
To conclude, in this section it was demonstrated that sufficiently long alkyl substitutions (eight
and thirteen carbon atoms) at the nitrogen atoms of PTCDI enable the possibility of a well-
defined layer-by-layer growth of the first monolayers. This was confirmed by few sharp features
102
Section 7.3: Exploration of the bulk
2 /V
s
#10-3
0
2
4
6
Th
re
sh
ol
d
1s
t M
L
2n
d 
M
L
3r
d 
M
L
4t
h 
M
on
ol
ay
er
5t
h 
M
on
ol
ay
er
6t
h 
M
on
ol
ay
er
0 20 40 60 80 100
V T
 
/ V
12
18
24
30
Pe
rc
ol
at
io
n
a | Mobility and threshold voltage
against substrate coverage.
0 20 40 60 80 100
2 /Å
Vs
#10-5
0
4
8
12
16
Pe
rc
ol
at
io
n 
Th
re
sh
ol
d
1s
t M
on
ol
ay
er
2n
d 
M
on
ol
ay
er
3r
d 
M
on
ol
ay
er
4t
h 
M
on
ol
ay
er
5t
h 
M
on
ol
ay
er
6t
h 
M
on
ol
ay
er
Raw data
Savitzky-Golay filtered
Log-Normal fit
b | Derivative of the mobility against
substrate coverage.
Figure 7.10 | Transport parameters of PTCDI-C3 thin films measured during growth of the first
monolayers. Although a small percolation threshold of about 80 % of one monolayer suggests
a layer-by-layer growth, the continuous increase in mobility and the corresponding decrease
in threshold voltage imply a different growth mode. The derivative of the mobility curve clearly
states that even during deposition of the 6th monolayer still additional charges start to con-
tribute to transport.
in the thickness dependency of the transport parameteres. For an intermediate alkyl chain
length of five carbon atoms, a mixed growth mode that still exhibits predominant layer-by-layer
like character was concluded from the occurence of a small but broad second feature in the
transport parameters. For very short alkyl chains (three carbon atoms) only weak indications
for a layer-like growth were observable, the major amount of material grows in a bulky island
growth mode which is shown in the AFM micrographs. Correspondingly, this growth mode is
also indicated by a slow evolution of charge transport with film thickness and the impossibility
to correlate features in the transport properties to distinct monolayers within the film.
The high mobilities observed for PTCDI-C8 and PTCDI-C13 compared to PTCDI-C5 and espe-
cially PTCDI-C3 confirm nicely the advantage of the layer-by-layer growth mode for OTFT ap-
plications. Therefore in the following section, PTCDI-C13 will be used to discuss the possibility
of a further enhancement of this growth mode and its influence on transport properties.
7.3 Exploration of the bulk
As previously shown in Sect. 6.1.1, films deposited on heated substrates exhibit a very pro-
nounced lamellar structure even for films significantly thicker than a few monolayers where
charge transport in an OTFT occurs. Furthermore, it has been shown by several research groups
that this well-defined structure is very advantageous for charge transport [137, 138]. Therefore,
in the following section the influence of substrate temperature on the growth behavior and the
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a |Approximately one third of a mono-
layer thickness (5 Å)
b |Approximately one monolayer thick-
ness (15 Å)
c | Approximately two monolayers
thickness (25 Å)
d | Approximately ten monolayers
thickness (140 Å)
Figure 7.11 |AFM micrographs of PTCDI-C3 thin films grown under the same conditions as the
samples used for electrical characterization. A mixed growth mode is observed for this mate-
rial: At low substrate coverages isolated islands of several monolayers height coexist with a
"wetting carpet" that fills the area in between the islands (a-b). Starting at around two mono-
layers thickness, the empty spaces between the islands and the carpet get more and more
filled, leading to a connection of the different structures. At around ten monolayers film thick-
ness, a homogeneous, grainy apperance of the surface morphology is obtained.
evolution of charge transport during the deposition of the very first monolayers will be dis-
cussed in more detail.
7.3.1 PTCDI-C13 deposited at elevated temperatures
Despite its several phase transitions at elevated temperatures (cf. Fig. 6.15), the results pre-
sented in Chap. 6 confirmed that PTCDI-C13 exhibits excellent structural properties upon ther-
mal treatments even within the experimentally accessible temperature range of TSub ≤ 125◦C.
For that reason, PTCDI-C13 is used in the following as the material to study thermal influences
in order to produce high quality layer-by-layer grown thin films with large lateral grain sizes.
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Data sets of three samples produced and investigated under different thermal conditions are
displayed in Fig. 7.12.
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Figure 7.12 | Mobility µ (left) and threshold voltage VT (right) against substrate coverage θ in
units of nominal film thickness for PTCDI-C13 deposited on substrates held at different tem-
peratures. The upper viewgraphs are the ones already discussed in Sect. 7.1. Although the
substrate is not actively heated, the radiation emitted from the evaporation source slightly in-
creases its temperature to 40 ◦C. Increasing the substrate temperature to 66 ◦C substantially
increases the maximum charge carrier mobility by approximately a factor of five, but has no
dramatic impact on threshold voltage. A further increased substrate temperature of 93 ◦C leads
to even higher mobilities and a lowered threshold voltage of only 3.5 V.
Several important facts can be concluded from this viewgraph:
¦ The overall mobility is dramatically increased by nearly one order of magnitude upon
deposition of the organic semiconductor at elevated temperatures which is attributed
to a significantly improved structural order within the films. The absolute value of µ =
0.4 cm2/Vs obtained at 93 ◦C is well comparable to literature values and among the high-
est values obtained for bottom contact devices.
¦ The percolation threshold slightly shifts towards larger film thicknesses with increasing
substrate temperature. This may be understood by means of a more ordered growth as
well: At 40 ◦C, many molecules are tilted or even lying down on the substrate. This leads
to an increased substrate coverage on the one hand, but also to a decreased overlap be-
tween the pi-orbitals of neighboring molecules, explaining the earlier percolation thresh-
old as well as the decreased mobility.
¦ At the highest substrate temperature of 93 ◦C, the absolute value of the threshold voltage
is about 10 V lower than for the lower temperatures and with an absolute value of 3.5 V
very close to zero. According to [146], this is also attributed to a better structural align-
ment of the molecules within the film and as a result less deep traps need to be filled
before the transistor turns on.
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¦ The shape of the mobility against substrate coverage curves exhibits several additional
kinks for the samples deposited at elevated substrate temperatures. This feature will be
discussed in more detail in the following.
a | TSub = 66 ◦C b | TSub = 90 ◦C
Figure 7.13 | AFM micrographs of PTCDI-C13 thin films grown under the same conditions
as used for the determination of transport parameters as depicted in Fig. 7.12. Both films
seem to be grown in a layer-by-layer fashion which is underlined by the well-defined steps of
monomolecular height. Together with the micrograph shown in Fig. 7.4b, an increasing island
size with increasing substrate temperature is clearly visible. For the highest substrate tem-
perature of 90 ◦C, well-connected terraces exhibiting diameters of microns can be obtained.
The AFM micrographs shown in Fig. 7.13 suggest that the films deposited at elevated temper-
atures grow in a well-defined layer-by-layer fashion since their surfaces exhibit very large ter-
races of monomolecular height. The fact that with increasing substrate temperature the size of
the terraces increases monotonically is clearly visible and understandable if one assumes that
the additional thermal energy supports a better diffusivity of the molecules on the substrate.
This leads according to the scaling relationship of nucleation to less, larger islands. Consid-
ering the very pronounced layer-by-layer growth, the additional kinks in the curves shown in
Fig. 7.12 are assumed to be related to charge transport pathways forming in the second, third
and maybe even fourth monolayer that still can efficiently contribute to the current flowing in
the device.
Fig. 7.14 shows the derivatives of the mobility against substrate coverage curves depicted in
Fig. 7.12. Again, the data is also displayed after processing by a Savitzky-Golay filter for better
illustration and evaluated by fitting a series of log-normal distributions to the unfiltered data.
While at low temperatures one dominant peak can be observed that is followed by a very weak
second peak, the situation changes if the material is deposited on heated substrates: The first
peak that corresponds to formation of the first monolayer is also the highest one for the heated
samples, but the sidepeak significantly increases in intensity. Furthermore, a third peak ap-
pears for the sample deposited at 66 ◦C and even a fourth peak for the sample deposited at
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Figure 7.14 | The first derivatives of the mobility against substrate coverage curves from
Fig. 7.12. Besides the raw data, the data processed by a Savitzky-Golay filter is displayed to
emphasize its shape with reduced noise. Furthermore, the data for film thicknesses thicker
than one monolayer is displayed a second time with an offset in y-direction and a magnifica-
tion factor of four to illustrate the existence of additional features in this region. To each data
set, a series of log-normal distributions was fitted. All curves exhibit one sharp peak during
formation of the first monolayer. For the 40 ◦C sample, a second small peak that indicates the
growth of the second monolayer is observable. In case of the sample deposited at 66 ◦C, this
peak is more pronounced and a third, broad peak can be identified. The sample deposited at
93 ◦C exhibits even four, well separated peaks indicative for a defined layer-by-layer growth.
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93 ◦C. For the 66 ◦C sample, the third peak is rather broad and overlaps with the second one
which might indicate simultaneous contributions from more than one monolayer at once. In
contrast, all four peaks are well separated for the 93 ◦C sample. Together with the surface mor-
phologies depicted in Fig. 7.13, these measurements clearly state that efficient charge accumu-
lation not only in the first, but also in the subsequent monolayers is one important feature of
these films exhibiting high structural order.
Keeping in mind that the first derivative of the mobility is assumed to be an indicator for the
charge carrier density with respect to substrate coverage, the area under every individual peak
is considered as a measure for the amount of charges in the corresponding monolayer. Fig. 7.15
displays the areas under the individual peaks against their corresponding layer index n. It gets
obvious that in absolute values the number of mobile carriers in the samples increases mono-
tonically with temperature. However, it should be noted that the proportionality factorα in the
relation
σ(θ)=αdµ
dθ
(7.3)
is unknown which makes it impossible to derive absolute values from the measurements shown
here. For that reason and to emphasize the actual shape of the curves regardless of the absolute
values, the data are presented also normalized to the total amount of charges. Here, it gets
obvious that both heated samples show a very similar trend while the unheated sample exhibits
a clearly different behaviour. In order to better understand the shape of these curves, a brief
discussion about the expectations on the charge distribution in an OTFT will be carried out in
the following.
7.3.2 Charge distribution along the film normal
In 2004, Gilles Horowitz published an analytical model to quantify the charge carrier den-
sity within the individual layers of an organic semiconductor employed in an OTFT [155]. He
started with the model of Mott and Gurney for the continuous charge densitiy in inorganic
semiconductors [160] and adapted it to organic materials by accounting for the large mono-
layer thickness due to the lamellar structure of organics. The continuous formalism is replaced
by a discrete one, yielding an equation that cannot be solved analytically, but easily numeri-
cally. A short sketch of the derivation of Horowitz’ model will be given here.
The starting point of the model is Poisson’s equation
d2V
dz2
=− ρ
²S
(7.4)
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Figure 7.15 | Peak areas calculated from the fits displayed in Fig. 7.14 against layer number for
the three samples deposited at different substrate temperatures. Obviously, with increasing
temperature during deposition, significantly more charges can be accumulated in each layer
of the semiconductor (a). The values normalized to the total amount of charges displayed
in (b) show that the films produced at elevated temperatures show a similar trend, but the
sample deposited at the lowest temperature clearly deviates from this trend: it does only allow
for charge accumulation in the first layer and very poor charge accumulation in the second
layer.
where ρ denotes the charge densitiy in a homogeneous semiconductor with a permittivity ²S ,
V is the potential along the z-direction and z is oriented normal to the substrate plane. The
charge density is supposed to follow a Boltzmann distribution
ρ = qnS exp
(
q(V −VS)
kB T
)
(7.5)
with the elementary charge q , the charge density at the dielectric-semiconductor interface (z =
0) nS and the potential at this interface VS . Integrating Eq. 7.4 twice and inserting Eq. 7.5 yields
the charge density profile
n(z)= ns
(
1+ zp
2LD
)−2
(7.6)
with the Debye-length LD .
The total amount of charges in the semiconductor induced by the gate-voltage can be calcu-
lated with the capacitance of the gate-dielectric to Q =CiVG and the requirement
∞∫
0
n(z)d z
!=CiVG (7.7)
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yields the following expression for LD :
LD = 1
q
√
kB T ²S
nS
=
p
2kB T ²S
qCi VG
. (7.8)
In reference [155], Horowitz states, "A possible definition of the thickness of the channel would
be that of a layer of uniform charge density that would contain the same amount of charge
than that obtained by integrating the charge distribution. The result is
p
2LD ." Inserting the
parameters of the devices used for this study, ²S ≈ 3 (this value is often assumed for organics,
an experimental investigation on the structurally similar compound PTCDA yielding this result
can be found in [161]) and Ci = 8.6 nF/cm2 (corresponding to a SiO2 dielectric layer of 400 nm
thickness), one obtains a channel thickness of about 16 Å at a gate-voltage of 10 V which is only
about 65 % of one single monolayer for the case of PTCDI-C13.
To create a more realistic scenario, for the case of a crystalline organic semiconductor, the
quasi-continuous medium is replaced by a stack of n dielectric layers of thickness d where
Gauss’s law relates the potential drop across adjacent layers to the charges σi within the lay-
ers:
Vi−1−Vi =σi d
²S
. (7.9)
Again, using Boltzmann statistics, the charge distribution σi in the i th layer can be expressed
in an iterative way by
σi =σi+1 ·exp
(
qd
kB T ²S
·σi+1
)
. (7.10)
Obviously, it is reasonable to assume that also in this model the total amount of charges should
be equal to the amount of charges induced by the gate-field:
n∑
i=1
σi =Ci VG . (7.11)
Although Eq. 7.10 cannot be solved analytically within the boundary condition from Eq. 7.11, a
solution can easily be computed numerically. Several sets of simulated charge distributions for
parameters that match the experimental conditions of the samples discussed here are plotted
in Fig. 7.16. The following fixed values are assumed: d = 25.4 Å (c-axis of the PTCDI-C13 unit
cell), ²S = 3 and Ci = 8.6 nF/cm2. Besides the obvious dependencies on temperature and gate-
voltage, Eq. 7.11 implies that also the total thickness of the organic semiconductor is a relevant
parameter.
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As Fig. 7.16 shows, in most cases the by far largest amount of charges is located within the
first monolayer and the charge distribution falls monotonically inside the organic material.
Furthermore, these results seem reasonable compared to the approximation based on Eq. 7.8
since they do not imply that literally all charges are located within the first monolayer.
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Figure 7.16 |Results of simulations for charge carrier densities within the individual monolay-
ers of PTCDI-C13 according to the model of Horowitz as described above. VG = 20 V, T = 293 K
and n = 10 layers are assumed as the corresponding fixed values. The gate-voltage has a huge
influence on the shape of the curves (a). For better comparison, in (b) the curves are displayed
normalized to the total amount of charges for better illustration. Increasing temperature
slightly shifts the center of mass of the distribution away from the dielectric-semiconductor
interface (c). Especially for only few layers, the distribution depends significantly on the total
film thickness (d).
Fig. 7.17 shows a comparison of the experimental values for the 93 ◦C sample that has a total
thickness of approximately four monolayers together with a simulation employing the param-
eters n = 4, VG = 10 V and all other parameters as in the calculations for the data shown in
Fig. 7.16. VG = 10 V corresponds to the average gate-voltage where the fit for extraction of the
mobility was performed to the transfer curve. The errorbars on the simulated data indicate
an uncertainty on the voltage of 2.5 V, which is probably even overestimated. However, even
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Figure 7.17 | Experimental charge carrier distributions for the 93 ◦C sample together with two
different calculations. The green line corresponds to calculations according to the model pro-
posed by Horowitz with n = 4, VG = (10 ± 2.5) V and T = 366 K. It does not correctly represent
the experimental values. The red data points are calculated with the same parameters using
the adapted model that accounts for the situation of a measurement during film growth (see
text) and fits well within the errors to the experimental data. However, it is important to note
that the green markers according to Horowitz’ model carry important information, also. They
represent the correct charge carrier distribution for the final device.
with the assumption of large uncertainties, it gets obvious that the model does not correctly
represent the experimental data.
The reason can be understood by considering the implications of Fig. 7.16d. It clearly states
that the charge carrier distribution depends on the amount of monolayers considered in the
calculation, i.e. the thickness of the thin film. Since this quantity is not constant in an experi-
ment carried out during film growth, the differences between model and experimental data are
not too surprising. Metaphorically speaking, one could say "Measurements during formation
of the first layer must overestimate its charge density since this first layer does not know that
it is supposed to leave some charges for the other layers that will eventually grow on top of it."
However, the model can be adapted to account for the change of film thickness n during film
growth: During growth of the first layer, the charge carrier distribution of n = 1 needs to be as-
sumed since every charge can only be accumulated within the first layer. During growth of the
second layer, the distribution for n = 2 needs to be assumed, during growth of the third layer,
the distribution of n = 3 and so on, meaning
σmeasuredi =σtheoreticali (n = i ). (7.12)
A corresponding calculation with identical parameters as stated before is also depicted in 7.17
and the values calculated this way coincide much better with the measured ones.
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To summarize the considerations made in this whole section the data shown in 7.17 is used as
an illustration:
¦ The blue data markers represent a measure for experimentally deduced charge carrier
densities under the assumption that the derivative of the mobility with respect to the
substrate coverage is directly proportional to the carrier density.
¦ The red data markers represent a calculation to reproduce the experimental data points
based on an adapted version of the model stated by Horowitz to account for the experi-
mental conditions employed.
¦ It is very important that the green data markers should not be understood as "the di-
rect application of Horowitz’ model that did not work". These data points represent the
correct charge distribution in the final device of four monolayers thickness.
The nearly perfect layer-by-layer growth of PTCDI-C13 at elevated temperatures has proven to
be the key factor to really observe the evolution of charge transport throughout the growth of
several monolayers. However, the question arises if further insights can be gained by heating
to even higher temperatures. For that reason, one sample deposited at TSub = 125 ◦C (which is
the maximum temperature applicable in the measurement setup) will be briefly discussed in
the following as one representative sample for higher temperatures than discussed so far.
2 /V
s
0
0.05
0.1
0.15
0.2
0.25
Th
re
sh
ol
d
1s
t M
on
ol
ay
er
2n
d 
M
on
ol
ay
er
3r
d 
M
on
ol
ay
er
0 20 40 60 80 100
V T
 
/ V
5
10
15
Pe
rc
ol
at
io
n
a | Evolution of mobility and threshold
voltage with film thickness.
b | AFM micrograph of a sample of
three monolayers thickness.
Figure 7.18 | a) Charge carrier mobility and threshold voltage as a function of surface coverage
for a PTCDI-C13 sample deposited at 125 ◦C. The overall mobility is significantly lower than for
the best-performing samples deposited around 90 ◦C and the curves exhibit only very weak
features that could indicate the formation of the second or third layers. b) A representative
AFM micrograph that shows the surface of a sample prepared under identical conditions with
a total thickness of three monolayers.
The results for such a sample deposited at 125 ◦C are shown in Fig. 7.18. Interestingly, the over-
all mobility is lower than for the samples discussed before (with exception of the unheated
sample). Also, the curves do not show prominent features for substrate coverages of more than
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one monolayer, indicating a less perfect growth compared to samples grown at lower temper-
atures. Furthermore noteworthy is that the production of working samples in the temperature
interval 100 ◦C ≤ TSub ≤ 125 ◦C is by far more challenging than for lower temperatures. The
sample shown here is one of the best working ones. The deviation from sample to sample is
significantly higher than at lower temperatures, typical values obtained for the mobility after
deposition of three or more monolayers are between 0.1 cm2/Vs and 0.2 cm2/Vs. In contrast,
AFM micrographs of the samples deposited within this interval do not show significant differ-
ences to the samples deposited below 100 ◦C, so one would assume similar electrical properties
as well.
However, remembering the DSC traces shown in Fig. 6.15, one can see that the onset temper-
ature of the peak labelled with "H2" ("C2") is around 120 ◦C. Regarding the thin film samples
discussed here, it is rather likely that their growth is influenced by this phase transition if de-
posited close to the transition temperature which is most likely the reason for the inferior trans-
port properties of these samples.
7.3.3 Summary
To summarize, in this section it has been shown that the good electrical properties of PTCDI-
C13 can easily be further enhanced by weak thermal treatments. Furthermore, the in-situ char-
acterization of the OTFTs during growth of the active layer is also an appropriate tool to inves-
tigate the actual charge carrier distribution within the thin films along the substrate’s surface
normal. With this method it has been confirmed that one main drawback of films exhibiting
inferior structural properties is their inability to accumulate charges in monolayers higher than
the first one or two layers of the thin film. Otherwise, in well-grown films charge accumulation
up to at least the fourth monolayer is observable. Finally, the measured results for these films
are well in line with theoretical models, confirming that the treatment of charge accumulation
in organic thin films by means of individual dielectric layers is far more realistic than the con-
tinuous models employed for inorganic semiconductors.
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Conclusion and Outlook
In this chapter, the main results of Part II are summarized and the implications of these findings
on possible applications will be briefly described. However, it is obvious that this thesis only
covers certain aspects. Therefore a short outlook will be given as well: Preliminary photolu-
minescence studies on organic thin film transistors suggest that excitonic as well as electronic
properties are similarly influenced by structural defects. These measurements can be under-
stood as a motivation for future studies on the interaction between electrons and excitons.
8.1 Summary
In the previous chapters, investigations on the complex interplay between thin film struc-
ture and optical emission as well electron transport in N,N’-dialkyl perylene tetracarboxylic
diimides (PTCDIs) are discussed. The fundamental electronic properties of all molecules dis-
cussed are identical due to their common aromatic core, perylene tetracarboxylic diimide. The
alkyl substitutions on the nitrogens of the imide groups have neglible influence on the elec-
tronic molecular properties, but do significantly influence important parameters for the for-
mation of solid thin films: Long alkyl chains improve molecular reorganization within solids as
well as molecular diffusivity on solid substrates. Both aspects are discussed in this thesis and
directly linked to two important properties for device applications: luminescence and charge
transport.
In Chap. 6, a model is introduced that correlates thin film microstructure with the shape of
photoluminescence spectra. It is shown that N,N’-dialkyl PTCDIs form H-aggregates, mean-
ing the optical 0-0 transition from the ground state S0,0 to the first vibrationless excited state
S1,0 is forbidden. This is resembled in the suppression of this transition in the luminescence
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spectra at low temperatures. Nonetheless, the 0-0 transition is thermally activated, which is in
agreement with existing theoretical models.
However, only thin films with very high structural order show a pronounced H-aggregate emis-
sion spectrum with temperature-independent vibronic sideband emission. If no thermal treat-
ments are applied to the films or if they are even deposited on cooled substrates, two impor-
tant observations can be made: The quantum yield for photoluminescence strongly decreases
resulting in a low luminescence intensity. Furthermore, the center of mass of the emission
spectra is shifted towards lower energies. This can be explained by the population of a ra-
diative defect state. It is shown that the intensity ratio between the undisturbed H-emission
and the defect-assisted X -emission can be directly linked to the structural quality of the thin
films. Upon thermal annealing, all PTCDIs investigated show identical trends of increasing
crystallinity as confimed by XRD, smoother surface morphology as confirmed by AFM and a
decreasing amount of defect-emission.
Furthermore, these measurements clearly underline the assumption that long alkyl chains are
favorable for efficient structural reorganization: The longer the alkyl chain, the lower anneal-
ing temperatures are necessary to completely suppress the defect-emission. Nonetheless, mol-
ecules with long alkyl chains have a stronger tendency for phase transitions at elevated temper-
atures. For PTCDI-C5 zero, for PTCDI-C8 one and for PTCDI-C13 four phase transitions could
be observed by means of DSC between room temperature and 275 ◦C. Especially high tempera-
ture phases may be liquid crystalline and the transitions back to solid phases may not be com-
pletely reversible. Again, this fact is resembled in structural as well as photoluminescence data.
This is also a likely explanation for the fact that most literature reports suggest optimal process
temperatures of 120 ◦C to 160 ◦C in order to obtain highly structured N,N’-dialkyl PTCDI thin
films.
In Chap. 7, in-situ, real-time transport measurements during film growth are discussed to get
deeper insights in the formation of the first layers of organic semiconductors. Again, N,N’-
dialkyl PTCDIs are used as the materials under investigation in a bottom-gate bottom-contact
OTFT geometry. Here, it is shown that sufficiently long alkyl chains support a pronounced
layer-by-layer growth mode, which is also characterized by a clear signature in the evolution of
charge transport. This is even true for materials that exhibit a grainy island growth for thicker
films, as has been shown for PTCDI-C8 and PTCDI-C13 in Chap. 6. For these molecules, charge
carrier mobilities of 0.06 cm2/Vs are obtained without additional thermal treatments.
Nonetheless, the length of the alkyl chain directly influences nucleation and growth of the first
layers. Upon employment of shorter alkyl chains, deviations from layer-by-layer growth are
observed in surface morphology as well as in electrical transport. Features in the electrical
characteristics can no longer unambiguously be assigned to the formation of individual lay-
ers of material: PTCDI-C5 grows in two different poylmorphs thereby significantly lowering the
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transistor performance, which is manifested in a lower charge carrier mobility of 0.015 cm2/Vs.
PTCDI-C3 shows a pronounced bimodal growth: Some material forms a wetting layer on the
substrate, allowing for first weak charge transport at film thicknesses around one monolayer, al-
ready. However, during deposition of the following monolayers, electrical performance contin-
uously increases. By comparison with AFM micrographs, this behaviour is attributed to more
and more contributions to charge transport from material that is grown in an island-like growth
mode. In overall, this bimodal growth is undesirable for efficient charge transport, since the
maximum mobility measured for this material is further reduced to about 0.007 cm2/Vs.
Furthermore, PTCDI-C13 is used as a prototype material to study thermal influences on growth
of the first layers. It turns out that substrate temperatures during deposition slightly below
the phase transition between the K2 and K3 phase result in the best-working devices with mo-
bilities of about 0.4 cm2/Vs. For samples produced in this temperature region, the layer-by-
layer growth could be monitored in the OTFT characteristics for up to four layers. Since the
derivative of charge carrier mobility with respect to the film thickness scales as the charge car-
rier density against film thickness, these samples are suitable for a closer investigation of the
charge distribution in the thin film. A successful comparison with a theoretical model from lit-
erature can be understood as direct experimental evidence that organic semiconductors must
be modelled differently than their inorganic counterparts.
8.2 Implications for device applications
The combined results from both chapters in Part II have direct implications if the investigated
PTCDIs are to be employed in optoelectronic applications. Optical emission as well as electrical
performance are linked to film microstructure: Well-directed thermal processing of the thin
films leads to the highest photoluminescence quantum yields, well-defined optical spectra and
highest charge carrier mobilities.
One emerging application that has received increasing attention during the last years is the
organic light emitting transistor (OLET) [162, 163]. This device clearly benefits from the com-
bined optimization of electrical as well as luminescence properties. It employs an organic pn-
heterojuntion in an OTFT geometry and may exhibit several unique features: For the appli-
cation in displays, each pixel could be represented by one OLET. No separation of electrical
switching and light emission in different devices is necessary, since the on- or off-state and
even brightness can be controlled by the applied voltages. Furthermore, even the spatial po-
sition of the emitting area can be voltage-controlled [164] or pixels emitting different colors in
one single device can be realized by careful selection of the materials constituting the organic
heterojunction [165].
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First OLETs employing PTCDIs have been already demonstrated, however no studies on opti-
mization of the used material stacks are published, yet. Furthermore, some successful realiza-
tions employ bulk heterojunctions of two intermixed materials. On the one hand, this leads to
a large interface area where emission can take place. On the other hand, this also leads to a high
degree of disorder in the films and correspondingly rather low charge carrier mobilities [166].
The results deduced from Part II of this thesis imply that fabrications in well-ordered planar
heterojunctions may be favourable in order to make use of the higher charge carrier mobilities
and lower luminescence quenching. However, an energetically as well as structurally match-
ing p-type semiconductor is especially important in this geometry in order to produce sharp
interfaces that result in high ambipolar carrier mobilities. If carefully optimized, such a device
should exhibit a well-defined, high efficiency emission zone in the transistor channel.
8.3 Outlook: Electron-exciton interaction
To gain further insight in the fundamental excitations of organic semiconductors, the results
presented in this thesis strongly suggest combined investigations of excitonic and electronic
processes. A suitable method to address this issue is "charge-induced photoluminescence
quenching" or more general "photoluminescence electromodulation" (PLEM). Koopman et al.
demonstrated recently that this method is able to visualize charge carrier distributions along
the lateral dimensions of an OTFT when employed in a confocal microscope [131]. Further-
more, Hansen et al. used macroscopic PLEM to state that excitons are mainly quenched by
trapped charges rather than by free charges [167]. In both publications no differences of the
spectral shape of photoluminescence are reported between the off- and the on-state of the
transistor.
First preliminary investigations on a PTCDI-C13 OTFT with an organic film thickness of 10 nm
indicate that this observation might not hold under all conditions. Fig. 8.1 shows a set of PL
spectra of such an OTFT with different applied gate-voltages. While at first sight, a constant
PL quenching with increasing gate-voltage could be assumed, upon normalization to the 0-1
transition, it gets obvious that the low-energy part of the spectrum is quenched stronger than
the high-energy part. This is the region where the X -emission could be observed for the thicker
samples investigated in Chap. 6.
A plot of the quenching ratio Q defined as
Q = 1− IPL(V )
IPL(V = 0)
(8.1)
with the PL intensity at a certain gate-voltage IPL(V) and the corresponding PL intensity under
unbiased conditions IPL(V = 0) is displayed for the different spectral regions in Fig. 8.2.
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Figure 8.1 | Photoluminescence spectra of a PTCDI-C13 OTFT with different applied gate-
voltages. In Fig. 8.1a the spectra are displayed as measured to illustrate the overall quenching
of photoluminescence upon application of a gate-voltage. Fig. 8.1b shows the same spectra
normalized to the 0-1 transition. Here, it gets obvious that the low-energy side of the spectrum
is quenched stronger than the other parts of the spectrum.
Figure 8.2 | Quenching ratio against gate-voltage calculated according to Eq. 8.1 for the differ-
ent components in the spectra displayed in Fig. 8.1.
It gets obvious that up to a voltage of about 20 V the X -emission is stronger quenched than the
H-emission and afterwards the curves get closer to each other. Since the threshold voltage of
the device under investigation is also close to 20 V, the following scenario might be considered:
The threshold voltage is mainly influenced by energetically deep traps that are located at struc-
tural defects. Furthermore, according to Chap. 6 structural defects are considered as the origin
for the X -emission band. Therefore, this measurement could indicate a similar type of defects
responsible for both, electronic as well as excitonic properties.
Nonetheless, these measurements should be considered as what they are: Preliminary investi-
gations that indicate a certain trend. They were conducted by provisional mounting the OTFT
in a very small vacuum-chamber with electrical feedtroughs for the application of the voltages
and one viewport above the sample for the PL measurements. Since no precision instruments
for the positioning of this vacuum chamber were available, the optical beam path had to be
aligned as good as possible to excite as well as collect data only from the channel region of the
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transistor. However, for reliable statements, an improved setup would be needed: The stan-
dard viewport must be exchanged with optical windows, the sample mount inside the cham-
ber has lots of room for improvement and most importantly, the vacuum chamber needs to be
mounted on an optical positioning stage. This would allow for the subsequent measurement
of different samples under identical conditions for PL excitation and collection. Such measure-
ments under improved conditions could be used to prove the hypothesis that both X -emission
as well as deep trap-states for charges have a common structural origin.
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Appendix A
Experimental Details
Atomic force microscopy (AFM) measurements were performed with a Digital Instruments
Nanoscope Dimension III setup. All images were recorded in tapping mode using standard
silicon cantilevers.
X-ray diffraction (XRD) measurements were performed using a Panalytical X’Pert Pro MRD
diffractometer employing Cu-Kα radiation.
UV/Vis optical spectra were recorded with an PerkinElmer LAMBDA25 dual-beam spectropho-
tometer.
Differential scanning calorimetry (DSC) curves were recorded with a PerkinElmer Diamond
DSC under continuous argon flow.
Photoluminescencemeasurements were performed employing a custom-built setup. A 532 nm
DPSS laser (Thorlabs DJ532-40) operated in constant-current mode at 330 mA driving current
was used as the excitation source. Before the laser beam was focussed on the sample, the op-
tical power was reduced to 50µW by means of a neutral density filter. The excitation spot size
on the sample was approximately 0.5 mm in diameter. Samples were mounted in vacuum in
a Janis ST-300S continuous-flow optical liquid helium cryostat. Sample temperature was reg-
ulated with a LakeShore Model 332 temperature controller. Photoluminescence emitted from
the sample passed a 550 nm long pass filter in order to reject scattered light from the source. Af-
terwards, it was focussed on a quartz fiber bundle connected to the entrance port of a HORIBA
Jobin Yvon TRIAX 550 monochromator equipped with a liquid nitrogen cooled HORIBA Scien-
tific Symphony II CCD detector. For dispersion of the incident light, a 100 lines/mm grating
was used, allowing for single-shot measurements of all spectra presented.
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In-situ transport measurements on OTFTs were performed employing a custom-built com-
bined deposition and measurement setup. The setup consists of a high vacuum chamber
reaching a base pressure of 2·10−7 mbar. The chamber is equipped with a resistively heated
quartz crucible for evaporation of the organic material. Pre-patterned OTFT substrates (cf.
Appx. B) were mounted on an electrically insulated sample holder made of Shapal Hi-M soft
ceramic with high thermal conductivity. The samples can be heated by an attached resistive
heater up to 125 ◦C. The sample temperature was monitored by means of a Type-K thermocou-
ple directly mounted on the sample surface. Electrical measurements were performed using an
Agilent B2902A dual-channel source-measurement unit (SMU) directly connected to the tran-
sistor terminals through a vacuum feedtrough. Depostion rate and film thickness during evap-
oration were monitored using a water-cooled quartz crystal microbalance (QCM). All samples
were produced using a deposition rate of 0.05 Å/s
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Sample Preparation
B.1 Substrate cleaning
Some substrates underwent preliminary preparations before a standard cleaning procedure
was applied: (20 x 20) mm2 microscope slides of 0.5 mm thickness that were used for UV/VIS
measurements were cleaned in an ultrasonic bath of Extran MA03 cleaning solution before fur-
ther treatment. The OTFT substrates consist of polished highly p-doped silicon (conductivity≤
0.03Ωcm) with 400 nm thermally grown oxide. These substrates were thoroughly rinsed three
times with acetone in order to remove a protection coating. Silicon substrates without thermal
oxide were used for strucutral and photoluminescence experiments. These substrates did not
require preliminiary preparations.
The standard cleaning procedure applied afterwards consisted of ultrasonic treatments in ace-
tone for 15 min, rinsing with 2-propanol and additional 15 min ultrasonication in 2-propanol.
Afterwards, the substrates were dried in a stream of dry nitrogen. The following processing
steps were conducted immediately afterwards.
B.2 Deposition of organic thin films
Organic thin films for structural characterization as well as optical measurements were de-
posited in ultrahigh vacuum at a base pressure of 10−9 mbar from commercially available evap-
oration sources. All source materials were purchased in the highest purity available from Sigma-
Aldrich. The deposition rate was regulated to 0.2 Å/s by controlling the source material temper-
ature with a PID controller. All films were deposited with a final thickness of 50 nm. If deposi-
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tion was not carried out on room temperature substrates, substrate temperature was regulated
by means of cooling with nitrogen or heating with a lamp heater irradiating the back of the
sample holder. Thermal post-annealing was carried out under continuous argon flow in a tube
furnace.
B.3 OTFT substrate preparation
For OTFT measurements, gold source and drain contacts were evaporated through a shadow
mask in ultrahigh vacuum at a base pressure≤ 5·10−8 mbar. The channel’s W/L ratio amounts to
20. After contact deposition, the samples were transferred to an argon-filled glovebox directly
attached to the UHV cluster without exposure to air. Inside the glovebox, the samples were
immersed overnight in a C2-DTC solution consisting of 50 mM diethylamine in ethanol where
carbon disulfide was added in a molar ratio of 2:1. During immersion, the C2-DTC molecules
form a densely-packed self-assembled monolayer on the gold contacts in order to lower the
metal’s workfunction to about 3.4 eV. Afterwards, the samples were thoroughly rinsed with dry
ethanol and blown dry in a stream of argon.
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Unit Cell Parameters of N,N’-dialkyl PTCDIs
Table C.1 | Literature values for the unit cells of different N,N’-dialkyl PTCDI crystals.
Parameter PTCDI-C3 PTCDI-C5 PTCDI-C8 PTCDI-C13
a / Å 18.077(4) 4.754(2) 9.00 4.661(5)
b / Å 14.258(3) 8.479(4) 4.89 8.592(9)
c / Å 4.689(3) 16.296(13) 21.65 25.31(3)
α / ◦ 89.93(9) 86.88(5) 95.0 86.380(12)
β / ◦ 111.30(9) 83.50(5) 100.7 85.786(13)
γ / ◦ 104.24(9) 83.68(4) 112.8 82.473(11)
Source [168] [169] [95] [137]
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Additional X-ray data to Sect. 6.2
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Figure D.1 | Complete diffractograms of the post-annealed PTCDI-C13 samples.
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Figure D.2 | X-ray reflectrometry data of the post-annealed PTCDI-C13 samples.
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Figure D.3 | Complete diffractograms of the post-annealed PTCDI-C8 samples.
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Figure D.4 | X-ray reflectrometry data of the post-annealed PTCDI-C8 samples.
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Figure D.5 | Complete diffractograms of the post-annealed PTCDI-C5 samples.
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Figure D.6 | X-ray reflectrometry data of the post-annealed PTCDI-C5 samples.
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